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INTRODUCTION 

Control  system compensation and optimization, s ignal /noise  

separat ion,  and system simulation are some areas i n  which t h e  follow 

ing problem must f requent ly  be solved: Given a real  r a t i o n a l  alge- 

b r a i c  function, construct  a physical  system which has i t s  input- 

output re la t ionship  described i n  the  complex plane by t h e  given 

function. I n  o the r  words, construct  a physical  system which has a 

given t r a n s f e r  function. I f  t h e  system t o  be constructed is  t o  be 

a n  e l e c t r i c a l  network, then t h i s  problem f a l l s  i n t o  t h e  area of net-  

work syn thes i s  - s p e c i f i c a l l y ,  t he  a rea  of network r e a l i z a t i o n  

techniques. 

02 p a r t i c u l a r  i n t e r e s t  i n  the above mentioned appl ica t ions  

is t h e  vol tage  t r a n s f e r  funct ion T(S) - t he  r a t i o  of s teady s ta te  

output  vo l tage  t o  input vol tage i n  t h e  domain of t h e  complex fre- 

quency v a r i a b l e  S. 

T using only two kinds of passive elements and no a c t i v e  devices.  

For example, i n  low frequency servomechanisms res i s tor -capac i tor  

(XC) compensating networks a r e  usual ly  des i r ed .  

required f e a t u r e  i s  t h e  exis tence of a comon reference node or 

In many cases  i t  is d e s i r a b l e  t o  r e a l i z e  a given 

Another f requent ly  

ground between the  input and output terminals  o f  the  network. 

It i s  t h i s  very s p e c i a l  type of network, t h e  RC three- ter-  

minal network, wi tn  which t h i s  t h e s i s  i s  concerned. The primary 



purpose of t he  t h e s i s  i s  t o  provide a new procedure f o r  cons t ruc t ing  

an RC network having c e r t a i n  terminal  c h a r a c t e r i s t i c s  (e.g. T) 

spec i f ied  beforehand. The r e a l i z a t i o n  procedure t o  be presented 

g ives  the network designer  the too ls  t o  develop a v a r i e t y  of net-  

works f o r  a given set  of network spec i f ica t ions .  

developnent t he  designer  exerc ises  much con t ro l  over such f ea tu res  

of the  r e su l t i ng  network a s  the  network s t ruc tu re ,  the  gain,  and t h e  

number of elements. 

During t h e  

The development of a network i s  ca r r i ed  out using the  pa- 

rameters y 22, y21, and T. 

manner i n  Sect ion 1.1. 

given set  of these paraneters  m u s t  s a t i s f y  i f  they a r e  t o  charac- 

These parameters a r e  def ined i n  the  .usual  

Sect ion 1.2 g ives  the  condi t ions  which a 

t e r i z e  an a c t u a l  RC three- terminal  network. 

za t ion  technique i s  e a s i l y  extended t o  the  RL o r  LC class of net-  

works. 

za t ion  problems t o  RC problems. 

Any RC network r e a l i -  

Sect ion 1.3 presents  one method of reducing RL and LC reali- 

The too l s  of t h e  r e a l i z a t i o n  procedure a r e  four  types of net-  

work removals. 

each s t e p  of the  development. 

discussed i n  d e t a i l  wi th  emphasis placed upon what can be accon- 

The designer  m u s t  choose one of these  fou r  during 

I n  Chapter 2 each type of reinoval is 

pl ished by a p a r t i c u l a r  removal when i t  is  used during the  develop- 

ment of a network. Examples a r e  given t o  i l l u s t r a t e  e f f e c t i v e  u s e  

of the  var ious types of removals and t o . i l l u s t r a t e  t he  ease wi th  

which dcvelopnent of a network can be c a r r i e d  out. 

Examination of t he  bibliography ind ica t e s  t h a t  t he re  are many 

- 2 -  



niithods which mig 

t a i n  terminal  cha 

by o the r  nethods, are p 

of networks obtained by t he  nethod of Chapter 2 t o  those obtained by 

t h e  o ther  methods. 

The elements i n  a l l  c i rcui t  schematics of t h i s  t h e s i s  are 

given i n  u n i t s  of conductance (not res i s tance)  and capacitance. 

i s  rcentioned here  i n  the  in t roduct ion  t o  avoid not ing i t  on each 

schematic presented. 

This 

3 



CHAPTER 1 

THE NETWOXK PAR&XETERS 

1.1 Definitions. 

This thesis is concerned primarily with three-terminal net- 

works (3 T.N.). A 3 T.N. is a special case of the two-port or two- 

teminal-pair network (i.e. one terminal of each pair is a tomon 

point or ground point of the network). Figure 1-1 illustrates a 

general 3 T.N. together with the conventional assignment of voltages 

and currents which can be measured at the terminals. 

Figure 1-1. A three-terminal network. 

Description of the terminal characteristics of a linear 

3 T.X. can bc accoiaplished through use of the short-circuit admit- 

tance parameters which are defined by the following relationships: 

- 4 -  



. .  

and: I2 Yzl V1 -+ Y22 V2 (1-2) 

The t h e s i s  i s  espec ia l ly  concerned w i t h  the  dr iv ing  point  admittance: 

y22 

the  t r a n s f e r  admittance': 

y2 1 

- 2  1 
v2 V1=O 

. .  

'- 2 1 
v1 V2"0 (1-4) 

and t h e  forward vol tage t r a n s f e r  function: 

Each of these  expressions follows i m e d i a t e l y  from Eqn. 1-2. 

Assume f o r  t he  moment t h a t  i t  is  possible  t o  cons t ruc t  a net-  

work having these  and only  these parameters (i.e. y22, y2:, and T) 

spec i f i ed .  Then j u s t  what type of t r a n s f e r  c h a r a c t e r i s t i c s  (i.e. 

input-output r e l a t ionsh ips )  can be r ea l i zed?  Two obvious answers 

are: (1) an  input  voltage-open c i r c u i t  output vo l tage  r e l a t ionsh ip  

(i.e. T); o r  (2) an input voltage-short  c i r c u i t  output cu r ren t  

r e l a t i o n s h i p  (i.e. y ). h'ot so apparent an answer is: (3) a n  input 

cur ren t -shor t  c i r c u i t  output current.  re la t ionship .  This  i s  possible  

s i n c e  from Eqns. 1-1 and 1-2: 

21 

21 I2 V1=O = y21 - . 
y22 

Since I2 is  the  input,  t h e  r e s u l t i n g  network would have t o  be turned 

'In a l l  networks t o  be discussed the  rec iproc i ty  property 
holds; t h a t  is  y21 = y12. Only yZ1 w i l l  appear hereaf ter .  

. -  5 - 



around i n  o rde r  t o  conform w i t h  the  convention of  connecting the  in -  

put source t o  t h e  l e f t  hand s i d e  terminals. 

1.2 Parari;e ter  Res t r ic t ions .  

The next important question t o  be answered is 'What re- 

s t r i c t i o n s  must be placed upon these parameters i n  order  t o  guaran- 

tee t h a t  they represent  an  RC 3 T.N.?". 

22 The RC Driving Point Admittance. F i r s t  the  parameter y 

w i l l  be considered. 

(i.e. t h e  cu r ren t  t o  vol tage  r a t i o  taken a t  one p a i r  of nodes), and 

i n  t h i s  t h e s i s  it i s  an RC dr iv ing  poin t  admittance. 

known t h a t  an  RC d r iv ing  point admittance y can always be wr i t t en  as: 

The admittance y22 i s  a dr iv ing  poin t  admittance 

It is  w e l l  

($+a,) (S-I-a,) . . . (S+am) 

(S+bl) (S+bz). . . (Sfb,) '(') 

where: (1) o < a i  <ai+l ; i 7 1,2, ..., m-1. 

(2) 0 <bi <bi+l ; i = 1,2 ,..., n-1. 

(3) ai < bi < ai+l ; i 1 , 2 , - * - , n *  

(4) c > o .  
(5) E i the r  m = n o r  m = n-l-1. 

These condi t ions  can be es tab l i shed  from Fos ter ' s  reactance 

theorem c15) (LC d r iv ing  poin t  c r i t e r i a )  by a simple LC - RC t rans-  

formation. 

mittances can b e  found i n  most introductory network synthes is  t e x t -  

books. A r e l a t i v e l y  simple, y e t  sonewhat less known, der iva t ion  of 

A thorough d iscuss ion  of LC and RC dr iv ing  poin t  ad- 

the  necess i ty  of Fos te r ' s  conditions has been given by Tsang [33). 



The suf f ic iency  of t hese  condi t ions  can be es tab l i shed  by ex- 

panding the  h x t i m  y/S i n t o  p a r t i a l  f r a c t i o n s  and then multiplying 

through by S; t h i s  gives: 

Calcu la t ion  of C,, Gg, and G. from y given i n  Eqn. 1-7 w i l l  always 

y i e l d  non-negative real nunibers. Eqn. 1-8 can be recognized as the 

p a r a l l e l  combination of a capac i tor  C,, a conductance Go, and n ad- 

mittances each cons i s t ing  of a conductance G 

t ance  Gi/b 

3. 

i n  series wi th  a capaci- i 

i' 

The RC Voltare Transfer  Function. Let u s  now consider t h e  

t r a n s f e r  func t ion  T(S). 

T w i l l  be a r a t i o  of r e a l  polynomials i n  S: 

From ana lys i s  experience i t  i s  known t h a t  

m 

(1-9) 
T(S) = K - s +cm-lsm-l+ ... +c 0 

Sn+dn-lSn-l+ ... +do 

The necessary and s u f f i c i e n t  r e s t r i c t i o n s  t o  be placed upon Eqn. 1-9 

i n  order  €or i t  t o  represent  an  RC 3 T.N. vol tage  t r ans fe r  function 

were es tab l i shed  by Fialkow and Gerst  [9) .  

condi t ions  w i l l  now be derived i n . a  d i f f e r e n t  manner. 

The necess i ty  of t h e i r  

Assume t h a t  an RC 3 T.N. i s  given and through methods of cir- 

are ca lcu la ted .  The impedance 11 c u i t  ana lys i s  y 2 * ,  yZl, T, and z 

z 

wi th  y22,  l /z l l  must be an  RC dr iv ing  point admittance. 

ana lys i s  a l s o  provides t h e  following equality:  

i s  the  network input impedance wi th  I2 = 0; consequently, along 11 
Network 

- 7. -  



Equation 1-10 can  be inver ted  and w r i t t e n  as: 

(1-11) 

or: 

Dividing Eqn. 1-12 by 

2 
1 y21 . 

yll* y22 . 
- -  P - 

and using Eqn. 1-5 gives: y22 

(1-12) 

(1-13) 

Let  p .  b e  any pole  of 
J 

2 T; hence, it is  a t  least a double p o l e  of T . 
2 

Equation 1-13 can  be mul t ip l ied  by (S-p.) 

r e s u l t  a t  S=p 

and eva lua t ion  o f  the 
J 

can be attempted: 
j 

Each of the  expressions: 

22, yll, and z must b e  f i n i t e  s i n c e  y 

zeros  as required by Eqn. 1-7. Therefore, t h e  l e f t  and consequently 

have only simple poles  and 
. 11 

the  r i g h t  hand s i d e  of Eqn. 1-14 i s  f i n i t e .  Hence, p j  is  a simple 

pole of T, which implies  t h a t  each pole  of T is  a simple pole.  

i s  not  5 I S=pj 
Furthermore, s i n c e  p i s  a pole  of T, (S-p )T 

zero. The l e f t  haild s i d e  of Eqn. 1-14'contains t h e  factor 
! 

, which is f i n i t e .  Consequently, t h e  factor 



i s  not  zero, Thus: 

4c 0 , o r  Y ~ ~ ( P ~ )  a 0. (1-15) 

T 

a zero  of yZ2. 

, each pole  of T must be r e a l  and non-posi t ive s ince  it €8 

Summarizing, i t  can be concluded t h a t  poles  of T are real, 

non-positive, and d i s t i n c t .  

not ing t h a t  T(0) must be f i n i t e  s ince  i t  corresponds to  the  network 

s teady  s t a t e  d i r e c t  cu r ren t  (d.c.) gain.  Hence, poles  of T a r e  

negat ive and d i s t i n c t .  

This  statement can be strengttkened by 

Let us now examine the  network wi th  S = Q where 620, as 

suggested by L e w i s  (211. 

negat ive conductance, the  network is  equivalent  t o  an  a l l  r e s i s t o r  

network which has f o r  i t s  vol tage  ga in  (given any c a b o v e )  the  num- 

ber  T(u) .  It i s  in2oss ib le  f o r  a network composed only of pos i t i ve  

r e s i s t o r s  t o  have a vol tage  ga in  g rea t e r  than uni tg .  Furthermore, 

it can  equal  ua i ty  (escept  i n  the  t r i v i a l  case  when Tzl)  only when 

cT= 0 o r  cl=a (i.e. 

S imi la r ly ,  the  ga in  can equal  zero (eucept i n  the  t r i v i a l  case when 

Since each element now appears t o  be a non- 

capac i tors  become open or s h o r t  c i r c u i t s ) .  

TEO) only when a'= 0 or d = a  . These conclusions cail be s t a t e d  as: 

0 5 T(G) 5 1 f o r  0 z,a$d , (1-16 

. .  and: 0 <T(@ < 1 r O<W<* . (1-17) 

- 9 -  



Equation'l-16 requi res  t h a t  m s n ,  and that K C 1  whenever nm. 

Evaluating T a t  0 = 0 gives: 

(Kco/do) < 1 , o r  when c # 0: K $, do/cO. (1-18) 
0 

Equation 1-17 p r o h i b i t s  T from having zeros  on t h e  pos i t i ve  

r e a l  ax i s .  

0 <G (0 (whenever t h e  minimuia e x i s t s ) ,  n Eqn. 1-17 e s t a b l i s h e s  

t h e  r equ i r emnt  K<kd. 

Furthermore, if kd is t h e  minimuin va lue  of R/T(cr) on 

It i s  a l s o  appa ren t ' t ha t  K>O. 

If  the  numerator of Eqa. 1-9 is rewr i t t en  as an  nth degree 

polynomial ( t he  f i rs t  n-in c o e f f i c i e n t s  a r e  a c t u a l l y  zero), and if 

t h e  above condi t ions  which T m u s t  s a t i s f y  a r e  sunznarized, then 

Eqn. 1-19 i s  t h e  r e s u l t .  

cnsn + ... + co 
T(S) = K - , where dn+O. 

dnSn + ... *. do 
(1-19) 

(1) 
(2) 

Poles of T a r e  nega t ive  and d i s t i n c t .  

KO zero of T l i es  on t h e  negat ive r e a l  axis. 

(3) 
(4) I f  kd = m?n(K/T(U)) e x i s t s ,  then K<kd. 

Xote t h a t  t& leading  c o e f f i c i e n t s  (c and d ) of t he  nuner- 

O ( K 5  min(dn/cn , do/co) . 
1 

O<UXQ) 

m n 

a t o r  and denominator polynomials of Eqn. 1-19 are not  necessar i ly  

uni ty .  This  introduces the  p o s s i b i l i t y  of normalizing the upper 

bound on K as determined by (3) and (4) above. For example, a given 

T could be r ewr i t t en  wi th  each of the  numerator c o e f f i c i e n t s  

'If T = IC?(S)/D(S), kd nay a l t e r n a t e l y  be def ined as t he  
l e a s t  value of k f o r  which D(Q) - W(c) has a zero on GZO. If  a,, 
is t h i s  zero, then kd D(Qo)/S(Q,) which i s  the m i n i m u m  va lue  
of K/T(U). 

- 10 - 



hzving been mul t ip l ied  by t h e  cons tan t  C. The upper bound on K for 

the new T would be 1/C times the o r i g i n a l  upper bound on K. 

chosen equal t o  t h e  o r i g i n a l  upper bound, then the  upper bound on K 

f o r  t h e n e w  T i s  unity.  

If C is 

Later  t h i s  opera t ion  w i l l  be r e fe r r ed  t o  as 

sca l ing  the  upper bound on K. 

The su f f i c i ency  of t h e  cocdi t ions  i n  Eqn. 1-19 is b e s t  es- 

t ab l i shed  by g iv ing  a genera l  r e a l i z a t i o n  procedure f o r  any T which 

s a t i s f i e s  Eqn. 1-19. 

t h a t  of FialkGw and Gerst c93. 

i n  Sec t ion  3.1. 

Eqn. 1-19 (2) is  t h a t  d i s t i n c t  comon (surplus) f a c t o r s  of the  type 

(Si-a), a>O, can be introduced i n t o  the  numerator and denominator o f  

The zu thor  is amre of only one such procedure, 

Th i s  procedure is  b r i a f l y  discussed 

One noteworthy conclusion t h a t  can  be  drawn from 

T u n t i l  the  nuaera tor  has a l l  non-negative coe f f i c i en t s .  

t h i s  i s  given i n  c9) s i n c e  i t  i s  necessary t o  do  t h i s  i n  order  to 

perform t h e i r  synthesis.  Hereafter, i t  w i l l  be assumed t h a t  this 

modification has been made t o  T. That is: 

A proof of 

c 2 0 f o r  i = O , l ,  ..., n. (1-20) i 

From ana lys i s  it i s  known t h a t  t h e  ca l cu la t ion  of T from a 

given network involves only mul t ip l i ca t ion  and add i t ion  of admit- 

t ances  (e.g. T could be ca l cu la t ed  by e l imina t ing  all i n t e r n a l  ne t -  

work nodes via repeated app l i ca t ion  of the  genera l  star-mesh t rans-  

fo rna t ion  [2iJ 133 ). 

is prohib i ted  during the  ca l cu la t ion  of  T, then t h e  r e su l t i ng  T must 

Consequently, i f  cance l l a t ion  of coiimon f a c t o r s  

have non-negative coe f f i c i en t s .  

terminals,  i t  i s  a l s o  t r u e  t h a t  1-T i s  a 3 T.N. vol tage  t r a n s f e r  

func t ion .  Thus, i t  m u s t  a l s o  hsve non-negative coe f f i c i en t s .  

Sy interchanging input  and ground 

- 11 - 



This  gives: . di - KcI 2 0 f o r  € * 0,1,. ... n. (1-21) 

As a cecessary condition, Eqn. 1-19 (3) and (4) can be replaced wi th  

the  more usa3le c r i t e r ion :  

0 < K 5 min(di/ci). (1-22) 
vi. 

Equation 1-22 cannot be used t o  c a l c u l a t e  the  upper bound on 

It t h e  ga in  associated with a given pole-zero configurat ion f o r  T. 

can be tised, however, t o  pred ic t  t he  maximum poss ib le  K uhder t h e  

condi t ion  of any given surplus  fac tors .  

i l l u s t r a t e  t h i s .  . .  

The following example w i l l  

Exan?le 1-1. Consider t he  t r a n s f e r  function: 

EqFation 1-22 gives  a number which K cannot exceed: 

6 5 1  5 min(- J -J-) = - 
6 . 7 1  7 ’  K 5 

If  a surp lus  f ac to r  of (Sfl) is  introduced i n t o  T (thereby 

iccreas ing  the cornplexity of t he  network), a l a r g e r  K i s  then 

6 1 1 6 1  3 
6 13 8 1 i n  which gives: K < n’ ( -’-’-’- I;  * - 

No matter  what surplus  f a c t o r s  a r e  introduced, i t  i s  c e r t a i n  

t h a t  K catinot v i o l a t e  the r e s t r i c t i o n  d i c t a t ed  by Eqn. 1-19(4> 

K/T (cr) is a n i i n i m m  when: (0 +50-56) (26-t-7) - (Q +7d+6) (2Gf.5) - 0. 
Thls  ‘is t r u e  when cf = G. 

2 2 

Hence: 

kd=. =I- 5’2g ;; 0.832 and K < kd = 0.832 . 
T(&) 7 + 2 a  
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. It is now poss ib le  t o  sutinnarize 

t h e  condi t ions which must be placed on the  set of parameters (y2*, 

and T) i n  order  t h a t  they represent  a n  RC 3 T.N. y21* 

(1) T(S) n u s t  s a t i s f y  Eqn. 1-19 (as  modified by Eqn. 1-20). 

(2) Each pole  of T(S) m G s t  be a zero of yZ2 (Eqn. 1-15). 
’ 

(3) yZ2 must be a n  RC dr iv ing  poin t  admittance (Eqn. 1-7). 

(4) -y21 must e q u a l T  y 

a t o r  polynomial of -y21 must be non-negative. 

and t h e  c o e f f i c i e n t s  of the  numer- 

Note t h a t  each 
22’ 

pole  of yZl i s  a pole  o€ yZ2. 

i t  should be noted t h a t  each zero  of y22 need not be 8 pole  

22 of T (i.e. y21 could a l s o  have the  same zero). 

and y 

y2, need not be a pole of y p l .  

y 2 i  w i l l  be c a l l e d  a p r i v a t e  pole. 

Zeros common to  y 

Note a l s o  t h a t  each pole of w i l l  be ca l l ed  comon zeros. 2 1  , 

A pole  of y which is not  a pole  of 22 

1.3 Two-Elenent-Kind Network Transformations. 

RC network r e a l i z a t i o n  procedures are e a s i l y  general ized t o  

inc l sde  o ther  c l a s ses  of networks containing only two kinds of pas- 

s i v e  two-terninal  elements. That i s  for  each RC network the re  is a 

r e l a t e d  RL and LC network. Conversely, for each RL or Lc network 

t h e r e  is a corresponding RC network. 

Consider any RC network. It i s  an  interconnect ion of ele- 

ments having one of two types of admittance: a conductive admittance 

- 13 - 



which can  be spec i f ied  by a cons tan t  such as g ;  or a capac i t i ve  ad- 

mittance spec i f ied ,  f o r  exaixple, by CS. I f  each network admittance 

i s  scaled by t h e  f a c t o r  l /S,  then ' the  RC network becomes a n  RL net-  

work. For ins tance ,  g becoms g / S  which i s  an  inductive admittance; 

and CS bacones C which i s  a conductance. The terminal admittances 

of the N. network eCua1 t h e  terminal admittances of t h e  corresponding 

XC network mul t ip l ied  by 11s. Xote, however, t h a t  t h i s  RC-RL 

transforr;.ation does not  a f f e c t  T. Equation 1-5 shows that' T f o r  t h e  

RL network i s  i d e n t i c a l  to T €or t h e  RC network. The inve r se  t rans-  

formation (i.e. RL-cRC) i s  accomplished by multiplying t h e  RL admit- 

tances by S. 

The above transformation is not  the  only way to  show corres- 

poildence between BL and RC networks (e.g. replacing S by 11s carries 

an RC i n t o  an XI, network and v i ce  versa).  

s ec t ion  i s  t o  e s t a b l i s h  equivalence of t h e  RL (or LC) synthesfs  

The purpose of t h i s  

problem 

r e a l i z a t i o n  procedures. 

and t h e  RC problem, thereby j u s t i f y i n g  t h e  study of only RC 

An RC-RL equivalence has been es tab l i shed ,  

so i t  i s  ucnccessary t o  d iscuss  add i t iona l  transformations.  

One wsy t o  e s t a b l i s h  correspondence between RC and LC net-  

works i s  t o  r ep lace  S i n  the  RC admittances wi th  S2 and t o  d iv ide  

the  r e s u l t  by S. . Capacitors remain capac i tors ,  but r e s i s t o r s  become 

inductors.  RC-LC i s  thus  accouplished by; 

g -;r g / S  = l/LS; and: 2 sc -.ir s C I S  = sc , 

-Y* 1 (S2> I S  
T(S) - 2 = T(S2) . 

Y22G ) I S  

- 14 - .. 



The inverse transformation (i.e. Lc+RC) is accosplished by multi- 

plying t h e  I& admittances by S and then replacing S 2 w i t h  S. 

The r'ollowing conclusion can be drawn from t h e  above d i s -  

cussion: 

b e  developed usir.g, an RC network r e a l i z a t i o n  procedure. 

i n g  s t e p s  should be taken: 

Giveil a set of RL o r  -LC network parameters, a network can 

The follow- 

(1) Transform t h e  parameters i n t o  RC network parameters. 

(2) Xeealize t h e  RC network. 

(3) Change the  RC eleirients t o  appropriate  RL o r  LC elements 

a s  governed by t h e  inverse  of t h e  o r i g i n a l  transformation. 

. T h i s  procelurc  i s  sumar ized  i n  Figure 1-2 €or t h e  two t r ans fo r -  

r a t i o n s  discussed above. 

- 15 - 



I. RC Network 1 

I J 

I IX: Speci f icat ions  

I RC Speci f icat ions  

I RC Network 

Figure 1-2. A method o f  RL and LC synthesis using RC 
Elensnts are s p e c i f i e d  i n  reGlization procedures. 

adrnitrance format. 
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Thls c t a ? ~ e r  i s  coccerned wi th  construct ing a network which 

2s to k v e  a given set of t e r n i n a l  c h a r s c t e r i s t i c s  (y and T). . 22' y213 

It is assucad, 02 course,  t h a t  t he  given set of parameters represent  

a n  RC 3 T.S. (<.e. s a t i s f y  the  r e s t r i c t i o n s  of Section 1.2). Let N 

be t h e  cetvork t o  be r ea l i zed .  The basic  idea of t he  method t o  be 

presented i s  t o  r e a l i z e  p a r t  of N such t h a t  when t h i s  p a r t i a l  reali- 

z a t i o n  i s  2roperly cannected t o  a network N', t he  t o t a l  r e s u l t  w i l l  

be t h e  network X. Xore s p e c i f i c a l l y ,  an admittance i s  removed from 

N i n  such a czmer t h a t  t he  renaining network t o  be r ea l i zed ,  N', is 

less cozplex thail S .  

Zica t ioa  of the  rezaining network u n t i l  the  t o t a l  r e a l i z a t i o n  i s  

f i n s l l y  c o q l e t e d  . 

Subsequent removals r e s u l t  i n  f u r t h e r  simpli-  

Tabule:ioz. As the  development of a given s e t  of parameters 

i n t o  a network i s  c a r r i e d  out ,  i t  i s  q u i t e  he lp fu l  t o  have a sys- 

t2na:ic t abu lz t ion  of t he  s t e p s  which are taken. After  each removal, 

the p a r a x t c ' r s  of th? r ens i a i cg  network t o  be r ea l i zed  a r e  calcu- 

l s t e d .  

which, i f  prozress  i s  being m d e ,  i s  an e a s i e r  r e a l i z a t i o n  problem 

t k a a  L ~ S  preceding one. 

Scateixnc 02 these parameters a c t u a l l y  de f ines  a new problem 

A good t a b l e  should thus provide d i r e c t  

- 17 - 



CoasiSer t h e  t a b l e  shown i n  Figure 2-1. It is  

two r a i n  s e c t i o n s  e n t i t l e d  'Network a r a r e t e r s '  and 'Rem 

paraxe ters  descr ib icg  t h e  des i red  network are entered oil t h e  f irst  

l i n e  i n  their res2ec t ive  columns. 

rrovai s e c t i o n  but still  on l i n e  one, per t inent  da ta  about the  first 

reEoval i s  ectered.  Spec i f ica l ly ,  the  admittance (y) of the removal 

To t h e  r i g h t  of these,  i n  the re- 

and t h e  xanner i n  which i t  i s  t o  be removed ( the ' type'  of  removal) 

are entered. 

d i r e c t  c a l c u l a t i o n  of t h e  parameters of the  remaining network t o  be 

r e a l i z e d .  

a c t u a i l y  s t a t e s  a new r e a l i z a t i o n  problem. 

As w i l l  be seen later,,  t h i s  information w i l l  p e r m i t  

These parameters are then entered on l i n e  two, which 

The 'N' co1m.n is  used t o  designate  which network i s  being 

developed when t h e r e  i s  more than one network development i n  a s ingle  

tz51e. A need f o r  t h i s  coluxn does not  arise u n t i l  Sect ion 1.3. A 

c o q l e t e  explanat ion of i ts  use is  given i n  Section 1.3. ' 

Petwork Parameters Rernova 1s 



Ketwork Gafn. The method of t h i s  

r e a l i z e  the  setwork.paraneters  y 

conf igura t ions  05 T and y 

and T 

are rea l ized  

21 

21 

chapter  does not always 

exact ly .  The pole-zero 

3s spec i f ied ,  but the  over- 

a l l  neaiork func t ions  a r e  rea l ized  only t o  wi th in  a constant  multi- 

p l i e r ,  K, whlch i s  e a s i l y  determined a t  the  completion of rhe de- 

velopxenr. Hereaf ter ,  whenever the  paraneters  are spec i f ied ,  the  

f a c t o r  S w i l l  appear i n  both T ar,d y 21' 
I; is nor ra l ly  des i r ab le  t o  have as la rge  a network ga in  as 

poss ib le .  

I f  t k e  u??er bound is  determined by r equ i r emnt  (3) of Eqn. 1-19, 

An upper bound, however, w a s  placed upon K i n  Sect ion 1.2. 

then  t h e  xaLxi-m K can usual ly  be a t t a ined .  Spec i f ica l ly ,  a network 

d.c. ga in  o r  i n 2 i n i t e  frequency ga in  of unity can be a t t a ined  by a- 

void ing  r e s i s t i v e  paths t o  ground i n  the  former case,  and avoiding 

capac i t i ve  paths  t o  ground i n  the  l a t t e r  case. 

It is q u i t e  easy t o  r e a l l z e  r e l a t i v e l y  low gains  exact ly .  

Assum f o r  t he  si,oaent t h a t  a network has been developed, and f o r  

t h i s  r e a l i z a t i o n  i( is d e t e m h e d  t o  be t h e  number A. Then by merely 

modifying tke  f i n a l  s t e p  i n  t h e  development, any K such t h a t  O < K < A  

can  be a t t z i n e d  cxzct ly .  However, t h i s  ga in  reduct ion w i l l  usual ly  

r e q u i r e  oce (soxximes nore) add i t iona l  element. A discussion 

the g a b  reeuc t ion  procedure will be given i n  Sect ion 2.1 (see 

of 

t h e  

subsect ion e n t i t l e d  The Retwork Gain Constant). 
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2.1  Shunt aad Ser i e s  Removals. 

Shun2 Removal. The s i n p k s t  type of removal from the  network 

h' spec i f i ed  by y. L 2 J  yPlJ and T i s  the  shunt (Sh) admittance y, re- 

moved 8s shown i n  Figure 2-2. The paraineters of t he  remaining net-  

Figure 2-2. The shunt removal. 

work X '  are e a s i l y  ca lcu la ted  from: . 

y22 ' = Y22 - Y a (2-1) 

-Y21' = -y21 ' (2 -2) 

and T U  = -y21rY22 (2-3) 

Whaz type of a d m i t t a c e  should be removed i n  order t o  make 

the  prined p a r a m t e r s  a s i q l e r  set than t h e  o r i g i n a l  set: of pa- 

ra~cters? Reaeiitber t h a t  X '  must be an  RC 3 T.K., so t h e  primed pa- 

rameters nus t  s a t i s f y  the  condi t ions  expressed i n  Section 1.2. 

The adxi t tanees  y and y22 a re  both RC dr iv ing  point admit- 

t a m e s  acd CBII t he re fo re  be expanded i n t o  the  form of Eqn. 1-8: 

- 20 - 



Subt rac t lag  Qr.. 2-5 frail 2-4 ~ i v e s  y 

f r a c t i o n  expansion of Y ~ ~ ’ / S  nus t  y i e l d  a l l  non-negative coef f ic ien t% 

’ per  Eqn. 2-1. T t e  p a r t i a l  22 

”. . requi res  cks t  escb pole of y must be a pole  of y22. Then: 

w3ere: c , i ; C , ,  “<Go , and gi(-Gi 

are f u r t h e r  r e s t r i c t i o n s  t o  3e placed upon y . .  

F i r s t  i t  is noted t h a t  a pole  of y22’ need not  be a pole  of 

t he  pole  a t  S=-b can be el iminated by raking g =G By recal- y22; i i i‘ 

l i ng  t h a t  e ixh  pole of yql‘ nust be a pole  of y 

Eon. 2-2, i t  can beconcluded t h a t  c o q l e t e  removal of a pole of y2* 

i s  pe rn l s s ib l e  only when the  pole is  a p r i v a t e  pole. Furthermore, 

i t  is usueilly des i r ab le  t o  e l imina te  p r i v a t e  poles ,  s ince  y22’ and 

T’ a r e  then less coqlex  than yZ2 and T. 

’ and by noting 22 

. 

I \ha t .e l se  can be acconplished by a shunt removal? Note i n  

E%”. 2-6 t h a t  t k e  poles  of y22‘ a r e  a l l  poles  of yZ2,  but  t ha t  the 

zeros  of y22’ will i n  genera l  be q u i t e  d i f f e r e n t  from the  zeros of 

-. nence, t he  s h u n t  rec.oval can be  used a s  a zero-sh i f t ing  s tep .  

It is  s o z e t i t e s  2oss ib l e  t o  u s e  t h e  zero-sh i f t ing  property 

y22 * 

t o  s i q t i f y  the  r e a l i z a t i o n  of N. For example, assume t h a t  the  

zeros  of y22 are s h i i t e d  i n  such a manner t h a t  y 

CGE.O~ zero  ( t h i s  i s  poss ib l e  only i f  yql has a r e a l  non-positive 

zero). Nov i f  y has no r i g h t  ha l f  plane zeros ,  then cance l l a t ion  

’ and yP1‘ have a 22 

2i 
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of the  cosaon zero can occur duriag the  ca l cu la t ion  of T' from Eqn. 

2-3. The r e su l t i ng  X'  is  less complex than N s ince  t h e  order  or de- 

gree (%.e. the degree of t he  denominator) of T' is lower than the  . 

ordar  of T. 

c e l l a t i o n  of the  corzson zero may cause negative coe f f i c i en t s  t o  ap- 

Eowever, i 5  y21 has r i g h t  ha l f  plane zeros ,  then can- 

pear i n  tk.e rxnera tor  polynoiilial of TI. If t h i s  is t h e  case, then 

the  comon f a c t o r  cannot be cancel led and nothing has been gained by 

producing the  c m ' o n  zero. Of course, t he  poss ib le  appearance of 

negat ive coe f f i c i en t s  can e a s i l y  'be checkzd before  the  a c t u a l  zero- 

s h i f t i n g  is  prfornred. 

- 

Soae rules ( eas i ly  derived using t h e  root  locus technique; 

s ee  the  Appendfix) which assist  one i n  determining j u s t  what admlt- 

tance should be removed i n  order  t o  s h i f t  a zero t o  S=a are: 

(1) Z z r t i a l  resoval  of a pole (i.e. gi(Gi) moves a l l  zeros 

(except the  zero a t  S=O, i f  it e x i s t s )  toward the pole a t  -b.. 

(2) P a r t i a l  renoval of the  capaci tance C, (i.e. c,<Car) s h i f t s  

all zeros (sane exception) toward S=-a. This  i s  ac tua l ly  a 
s p x i a l  case of (1); the  pole  i s  a t  i n f i n i t y .  

(3) P a r t i a l  renoval of the  conductance Go (i.e. g,(Go) s h i f t s  

811 zeros toward the  or ig in .  Whereas complete removal (i.e. 

,-, =G ) produces a zero a t  the  or ig in .  "0 0 
can occur i n  y221 only when y p l  has a zero  there .  

cance i la t ion  of S would not occur i n  TI ,  and T'  would not  be 

rea l izable .  

Af te r  the  typ+ of shunt removal has'been decided upon, the  

1 

A zero a t  the  o r i g i n  

Otherwise, 

coe f f i c i en t s  of y can be ca lcu la ted  from Eqn. 2-1. 

i n  y221 at  S=a, choose y such that :  

To produce a zero  
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If t ke  coe f f i c i en t s  of y ca lcu la ted  from Z5n. 2-7 s a t i s f y  the  re- 

s t rLc t ions  given a f t e r  Eqn. 2-6 ( e p a l i t y  can hold only i n  t h e  

spec ia l  cises mentioned above), then i t  is poss ib l e  to  use t h e  pro- 

posed y t o  perfam the  des i red  zero-shif t ing.  

SerLes Renoval. Another elementary ieiiioval from t h e  network 

X i s  the series (Se) adni t tance  y ,  renoved a s  shown i n  Figure 2-3. 

The paramezers of the  renaining network X '  a r e  e a s i l y  ca lcu la ted  

from: 1 1  1 = - - -  
y22' y22 ' 

(2-8). 

T' = T ,  i (2-9) 

= T y22' . (2-10) and ~ -y21' 
i 

' An XC dr iv ing  poin t  Inpedance ( the  r ec ip roca l  of Eqn. 1-7) 

cen 3e wpacded i c t o  p n r t i s l  f r a c t i o n  form wi th  a l l  non-negative co- 

e f f i c i e n t s .  Thus, UyZ2 and l/y ca'n.be w r i t t e n  as: 

(2-11) 

and - -  1 - r , i  x&. (2-12) 
i i Y 
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Subtract ing Sqa. 2-12 from 2-11 g ives  1/y2,' .' The p a r t i a l  

f r a c t i o n  e q a n s i o n  of l/yZ2' nust  y i e l d  a l l  non-negative c o e f f i c i e n t s  

i n  order  for l fy221 t o  be an RC d r iv ing  poin t  impedance. Thus, each .- 
zero  of y (pole of l /y)  must a l s o  be a zero  of y2,. Then: 

(2 - 13) 1 
- E  

y22- i 

where: r,5 R, and h. C Hi =-- . 
are f u r t h e r  r e s t r i c t i o n s  which uiust L e  placed upon y. 

It can be seen f r o 3  Eqn. 2-13 t h a t  a zero  of y,, need not  be 

a zero  of yZ2 ' ;  the  zero  a t  S*-a f o r  example, can be el iminated by i' 
choosicg h.=H.. Zy r s c a l l i n g  t h a t  each pole of T' z u s t  be a zero  of 

1 1  

m d  by not ing Eqn. 2-9, i t  can be concluded t h a t  c o q l e t e  re- y22' 

naval  of a zero froa yZ2 i s  permissible  only when the  zero  i s  a con- 

L : O ~  zero. It is  usu r l ly  des i r ab le  t o  e l imina te  comon zsros ,  s i n c e  

yZ2' and y aye then less conplex than yZ2 and yP1. 2 1  

Viaat else can be accomplished by a series removal? Equation 

2-13 shcws t h a t  the  zeros of yZ2' are a l l  zeros  of yZ2, bu t  t h a t  t he  

poles   of.^^^' w i l l  i n  genera l  be qu i t e  d i f f e r e n t  from the  poles  of 

yZ2. Eecce, t h e  s e r i e s  rezoval  can be used a s  a po le-sh iz t ing  s tep.  

It is  s o m t i c e s  poss ib le  t o  use t h e  pole-sh i f t ing  property t o  

siinplify the  r a l r z a t i o n  of B. For exauiple, assume t h a t  th2  poles  

of yZ2 are s h i f t e d  i n  such a mcinner t h a t  yZ2' has a pole whare T has 

a zero ( t t i s  is poss ib le  only when T has a negat ive zero). 

T has no r i g h t  k i l f  plane zeros ,  then cance l l a t ion  can occur during 

Xow i f  

the ca l cu la t ion  of y ' from Eqn. 2-10. The r e s u l t i n g  It" i s  less 21  
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c o q l e x  than X s ince  the  order of y ' i s  lower than the  order  of 21 

(actubl ly ,  a pr ivz t e  pole has been produced). Rowever, if y21 y2 1 
has r i g h t  ha l f  plane zeros ,  then cance l l a t ion  i n  Eqn. 2-10 m y  cause 

nega:ive coezf lc ien ts  t o  appear i n  :he numerator polynomial of - Y ~ ~ ' .  

15 t h i s  i s  ;he case,  then the  f a c t o r  cannot be cancel led and nothing 

hcs Seen accoEplished by the pole sh i f t i ng .  Of  course,  t h e  poss ib l e  

appezrance of negctive coe f f i c i en t s  can e a s i l y  be checked before  t h e  

a c t u a l  po le-sh i f t ing  is performed. 

Sonic r u l e s  (again e a s i l y  derived using t h e  roo t  locus tech- 

niqce; see XZpecdix) which a s s i s t  one i n  determining j u s t  what series 

a6mittacce should be reEoved t o  s h i f t  a po le . to  S=a are: 

(1) P a r t i n l  rexoval of a zero  (i.e. hi(Hi) litoves a l l  f i n i t e  

poles  toward the  zero at  S=-a.. 

(2) P a r t i a l  reisoval of the s e r i e s  r e s i s t ance  R, (i.e. r,<R,,,) 

s h i f t s  the poles toward S=-oo.  Complete removal (i.e. r 4 = R d  

guarantees  a pole  i n  y221 a t  i n f i n i t y .  

Af te r  deciding how t o  s h i f t  a pole  t o  the 'des i r ed  pos i t ion ,  

1 

t he  coe f f i c i en t s  of the  admittance y can be calculetsd from Eqn. 2-8. 

To produce i n  y a pole a t  S=a by a s e r i e s  removal, clioose y such 
22 . 

i f  the coe f f i c i en t s  of y ca lcu la ted  frorn Eqn. 

the  r e s t r i c t i o n s  gLven 

-a is  a cor;=.on zero), 

t o  per forn  the  des i r sd  

i 

a f t e r  Eqn. 2-13 (hi can equal 

then i t  i s  permissible  t o  use 

pole-sh i f t ing .  

(2 - 14) 

2-14 s a t i s f y  

H only w h e ~  i 

the  pro?osed y 
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coxloa  zeros which caa then be el iminat  

be e l i d n z t e d  by shunt removals. T must have only real, non-posi- 

tive zeros i n  ordar  t o  coxpletely develop a network wi th  j u s t  series 

and shunt removals. This  procedure is  coimonly ca l l ed  t h e  'zero- 

. . s h i f ~ i c g '  technique [18]. Ecample 2-1 g ives  a simple i l l u s t r a t i o n  

of t h i s  r e a l i z a t i o n  procedure. 

. Develop an RC ladder  network having the  t rans-  

f e r  func t ioa  T and the  output admittance yZ2 given below. 

(S31) (Si-5) 
J 3 -Yzl = K y22 = si-3 = K ( s + 2 ) ( S i 4 )  si-3 

(S+2) (S*) (S4-1) isi-5) 

A shnnt capzc i tor  can be used t o  produce a connnon zero  a t  

S=-5. Let y=c,S. Eqn. 2-7 then g ives  the  va lue  of c,: 

(2-5)o 3/10. -5c, = 
(3-5) 

Since C,is equal t o  uni ty ,  t he  removal i s  permissible. The 

paraae ters  of N' can be ca lcu la ted  from Eqns. 2-1, 2-2, 6 2-3. 

- (S+2) (S-t-G) 3 = 7(S316/7) (%I-5) - -  
. y22 - si-3 10 10 (Si-3) 

and T' = -- Y 2 i  = y21 7 5+16/7 e 



A series y f (Si5)/% can B e  used t o  e l iminate  the  c o m n  

zero a t  S=-5. 

residue,  5,  a t  the  pole of 1/y22 can be ca lcu la ted  f rom.  

For coxplete removal, 3 must equal 5. .The 

= 20/19. st-5 Eqn. 2-11: 

3 = 

Then y22' c2n be  ca lcu la ted  from Eqn. 2-8: 

- 1  10 s+3 - - - = -  20 1 50 
-1 = - 7 (Sf16/7)(S+5) 19 Si-5 133 ( S + l E &  
y22 

Tha net~;~rk  i<hich a u s t  CGW bc rca l ized  is: 

= -($+16/7) 133 , -y21 = ?(S+l) , and T = -- 1OK S+1 7 5+16/7 ' y22 50 

133 16 
50 7 . A  shunt rernoval y#= go = -(- - 1) = 171150 w i l l  produce a 

com.on zero a t  S=-1. This leaves the  network: 

yZ2 = 133(5+1)/50 , - Y ~ ~  = 19R(S+l)/5 , and T = 10K/7 . 
This  f i n a l  network i s  j u s t  the  s e r i e s  admittance 133(S+1)/50 

(i.e. e l iminate  the  comon zero). For t h i s  f i n a l  network, 

T e 1, wkich gives  10K/7 = 1 or K = 7/10. 

.is tabulated i n  Figure 2-4, where the  network schematic i s  

a l s o  gLven. 

vide t h e  IrZormation necessary t o  draw the  schematic. 

This development 

Kote t h a t  the removal columns of the t ab le  pro- 

The u p p r  3cur.d oil. K r'or che lzdder  Class of networks is 
. .  

8/10 [S3[30] f o r  the  T i n  t h i s  exaxple. However, the m i m u m  

K f o r  r n  RC 3 T.N. i s  uni ty .  A m a x i m u m  K, 3 T.N. r ea l i za t ion  

oil1 be given i n  a l a t e r  exarrple (see  Example 2-4).  

- 27 - 



133/50 19 /20  

1 9 / 4  

17 1/50 

133150 

Figure 2 - 4 .  Tabulstion of the  developmnt and the  network 
scP.emztic f o r  Esanple 2-1. 
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-’. i..e Hetworlc Gain Constant. Before extending t h e  above tech- 

’ Y22’ niqus, sox2 cc;=.cnts about X are i n  order. 

en2 ypl Lror 22:: n~t i70rk  a r e  una l t e re l  whenever elements a r e  connected 

between tke  i r q n t  taz-xlnal ax3 grouhd. Thus, the development of any 

aetvozk frcn. thesa  paz-amters e s s e c t i a l l y  aiwiys t e rn ina te s  with a 

The parameters T 

series renoval. 

bout wkenever the  ’I’ zo be rea l ized  i s  a constant  - the  product of a 

“inis terminat ion of developsent can be brought a- 

n u m r i c a l  constailt ami R. 

s e r i e s  admittance hzs uni ty  gain,  K can be evaluated by s e t t i n g  the  

Since a network composed of a s i n g l e  

f ical  constant  ex?rcssioa f o r  T equal t o  unity. 

t r a t ed  i n  the  prcca l ing  exanple. 

K (see for exszple:  [2][16:[202 1341 [36]), which i n  many cases  involves - 

complicctad ca icc laz loas ,  is ac tua l ly  unnecessary. 

This  was i l l u s -  

The usual method f o r  ca l cu la t ing  

Suppose t t a t  a r e a l i z a t i o n  problem has been reduced t o  one 

vhare a s e r i e s  adztittance rer;,oval w i l l  cokplete  the  rea l iza t ion .  

The parameters ca;l then 3e wr i t t en  as: 

= Ky/A , and T = KIA . (2-15) Y22 = Y a -y2 1 

I2 y i s  remaved as a series admittance, then K = A f o r  the network, 

.It was implied e a r l i e r  i n  this chapter  t h a t  any K could then be 

r ea l i zed ,  svch ti..& O.CR(_A.  

noving a shm: ze-ittancc ( instead o f  the  s e r i e s  y) equa l ’ to  ocy, 

where O < G < l .  

of a s e r i e s  adn i t t ance  equal t o  (1 -CC)y. 

can then be c a k u l a t c d  fros:  

This  can be accomplished by f i r s t  re- 

T>.e r e a l i z a t i o n  can then be cor;.?leted wi th  renoval 

K for t h i s  r e a l i z a t i o n  

K/A( l -c )=l ,  or: K = A(1-K) S A ,  (2-16) 
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2.2 Tie 3riclge Reixoval. 

If T kas o m  or nore p z i r s  of coxplex zeros, then eventual ly  

t h e  poia-zero s h i f t i a g  technigce w i l l  f a i l  t o  s implify the  remaining 

netvozk. Conse~nea t ly ,  t he  network d e v s l o p i n t  cannot be completed. 

To ecable  r e a X s z t i o n  of nore genera l  r y p s  of T, another type of 

reziaval i s  needed. 

rerxwal is F Z ~ T O S Z ~  - a rezoval  t h a t  czn  3e used t o  s h i f t  the zeros  

ia an a t t e q t  t o  f u l f i l l  t h i s  need a new type of 

m If t k c  cszplex zeros  of y can be s h i f t e d  t o  the  r e a l  axis, 
0; Y21' 21 

t>en the network developmznt can be co iq le t ed  v i a  t h e  comon zero . -  

p r i v z t s  po le  techniqcc. To acconpl ish t h e  s h i f t i n g  of t he  zeros  of 

. the  br i&ge (3r) zezoval has beeil created.  It cons i s t s  of'remov- 

and an  admit tance y from yZ2 as shown 
y2 1 
i ng  ~ i l  adn i t t snee  Ky f r o n  -y 21 

in Figure 2-5. 



Even t h o ~ g h  t:x a x x t  elei23rit va lues  of tbe  admittances i n  

F igcre  2-5 c a x o t  be I e t e m i t e d  u n t i l  after S is  ca l cu la t ed  a t  the  

coqlecicia af 1 5 2  r e a l i z a i o n ,  t h e  br idge  rernoval has  been con- 

s t r c c t e d  t o  eaabl.2 i K a d l a t e  c a l c u l a t i o n  of t h e  paraxe ters  of N': 

Y22' = .Y22 - Y * (2-18) 

and T' = - ~ ~ ~ ' / y ~ ~ '  . (2-20) 

- SY * (2-19) 9 2  1 
' a  

-Y21 

Xot2 t k t  t he  fac to= X a??ezrs ir. the  removal f r o n  -yPl. 

itself cos t a ins  t t e  f a c t o r  K, tSe zero  s h i f t i n g  can  be per formd 

Since -yZl 

wi'chou; a c t u a l l y  ksowizg S. Eloxever, t he  t o t a l  admittance removed 

f r o 2  y22 C O Z ~ ~ ~ ~ I S  co such f a c t o r  K wkich enables  im.ediate calcu-  

l a t io r ,  of y This  f e a t u r e  was provided by the shcnt  admittance '. 22 

(1-K) y * 

m. sr.e &Czi t taccs  y i n  Eqn. 2-18 must m e t  the same requirements 

tha: r iere ' iz3osed ~n y f o r  tki? shunt re:lioval si,nce yZ2' is  calcu-  

l a t e d  i n  exac t ly  t k e  s a m e  maser. A pole  should not be completely 

raxovzd frca y22 m f e s s  tk,? saiie poie  is  s inul tancous ly  removed fro= 

Zero s h i f t i n g  m u s t  not  produce a zero  i n  yZ2 a t  S=O unless  a y2 1' 

zera  fs s i n u i t e ; i e o s l y  proZcce6 i n  y a t  S=O by the  ;Cy scbt rac t ion .  

The admietaace y Lust a l s o  be chosen so  t h a t  t he  nuaerator  poly- 

n sn ia l  02 -y21' will aot have nay cegs t ive  c o e f i i c i e p t s .  If a nega- 

t i v e  c o e f f i c i c s t  S??CGTS, then S' could not  be r ea l i zed  by an RC . . 

3 T.N. 

21 

r..- i..e r e s t r i c c i o n s  which r;.ust be  p l ~ c e d  upon the  general  br idge 

reaovel  can b e  suz'xzrized BS: 
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then t h e  br idge  rezioval 

br idge  removzl w i l l  be 1 

. Eailding the  network in Figure 

2-5 w i l l  i n  general  r equ i r e  r e a l i z a t i o n  of t h e  adiaictance (1-K)y. 

Therefore, whenever th2  br idge removal is  enployed durir.g t h e  de- 

veloprrent 05 6 cetwork, spec ia l  precaut ions are necessary to  avoid 

the  appcararise of negadve  e l eaen t s  (i.e. negzt ive elercents may oc- 

cur  i f  K is ?e=.iitted t o  exceed uni ty) .  

fo l lov ing  a??roach, e q e c i a l l y  f o r  the  novice. A t  t h e  o u t s t a r t ,  T 

can be w r i t t e n  (scaled as noted a f t e r  Eqn. 1-19) i n  such a manner 

’ 

The au thor  suggests  t he  

=hat  t h e  =?per boucd on R is  uni ty .  

t h i s  is t o  mult iply T (and consequently -y 

mi.? (d./c.) whre d v1 1 = i i 
Eqn. 1-19. Then app l i ca t ion  of Eqn. 1-22 guarantees t h a t  t he  K of 

The sixiiplest way t o  accomplish 

) by t h e  constant: 21 
znd c are t h e  c o e f f i c i e n t s  of the  given T per  

any XC 3 T.N. r e a l i z a t i o n  of the  r e s u l t i n g  T w i l l  s a t i s f y  the  in-  

equa l i ty  R <1. 

(Xote t h e  vkemver bridge removals a r e  eciployed, a R of ex- 

a c t l y  uni ty  w i l l  in mmy cases  r equ i r e  a . fewer  nur3er of elements . 



simul taneously .) 

Unfortunztely, after a 5 r i l g e  -.oval has been made, the mi- 

n x ~  poss ib le  X l o r  the rexrzininz n c t t i a k  S' may exceed the  m a x i m u m  

K o,C unity whlcti rras set UT a t  the o - a x s a r t  02 the  Zevelopaent of 

(scch a s i n s t l o - i  crlscs ir. %;icr.?le 1-3.). 

o3s tac le ,  hoxevcr, sicce a @n reL<c->n s t e p  can always be used a t  

Tkis  presents  no se r ious  

the  cozple t lon  of the  dwclop-;.ent 02 fo prevent K from exceeding 

uni ty .  As 2 natter of f a c t ,  tke  gaiii =eduction s t e p  can be used t o  

obta in  a K of a z c t l y  uni ty  - the r&s-dz being a network wi th  maxi- 

.1;?i13 p s s i b l e  gcin. 

exceeds wii ty ,  :hen re i i i i za t lon  of tke zdni t tances  dependent upon K 

would requi re  use of a t  l e a s t  one negzzcve elenent ,  and the  o v e r a l l  

netriork would not b e  an RC 3 T.N. 

IC N' were i z i s t c ' x a l y  develo?ed wi th  a K that 

As an a l t e rna t%ve  t o  t?.e abova a n r o a c h ,  the  reader  may wish 

t o  s p e r l c z n t  wi th  s c a l i q  the r..?.xinE Toss ib le  K t o  some num3er 

o the r  thsn  uni ty .  13 such cases  t h e  r - s l i z a t i o n  should' be ca r r i ed  

o ~ t  only 

t h e  develo2nect. A t  t h i s  point, elece-S: va lues  which are dependent 

t o  t?.e point  where a f i n a l  s r r ies  removal w i l l  complete 

upon K can 3e esccized. I f  c o i q l e t i k  of the  development by a ser ies  

removal .C7OUlc! i n t r o l a c e  no n e ~ a t i v e  eL2zeats, then it should be per- 

formed. If t h e  s e r i e s  renoval i?Jould =use a K s u f f i c i e n t l y  l a rge  t o  

i c t r d c c e  nega'iive e l c m n t s ,  then a gaLn reduct ion s t e p  should be 

ezpploycd t o  r e d w e  S J u s t  enough t o  e r f z i n a t e  a l l  negat ive elenents .  
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(1) 0 <go CGo = ~ ~ ~ ( 0 ) ~  w 3 e r e  go = G is permissible  only 3 
when a = 0. 

<2) -y21' must have a l l  non-negative polynomial Coeff ic ients .  

I f  the proposed removal meets t hese  r e s t r i c t i o n s ,  then it can 

de pe:for.3sd K i t h  asscrance tha: N.' w i l l  be a r e a l i z a b l e  RG 3 T.X. 

A corncon zero xi$% then be produced by a shunt removal and subse- 

quenzly e l i a ina t ed  by a. serles removal. 

i l l u s t r a t e d  i n  Exazple 2-2. 

This  procedure w i l l  be 

As xzeationed ia Sect ion 2.1, praduction of a coriiion zero  re- 

qui res  spec ia l  z t te i i t ion  whenever the  t r a n s f e r  funct ions have r i g h t  

ha l f  plane zeros. 

nothing i f  car .cel lz t ion of the  f a c t o r  (S-a) from the  nunerator of 

-y2! leaves a polynomial with negat ive coe f f i c i en t s .  I f  a = 0 ,  how- 

ever, r e s t r i c t i o n  (2) a3ove guarantees t h a t  no negat ive coe f f i c i en t s  

w i l l  a?pear. 

scbsequeatly be eliminated by a series ranoval. This  f a c t  makes 

prodactfon of a zero i n  y 

pose f o r  t he  Erilge conductance rexoval. 

Pxduc t ion  of a com.on 22ro a t  S = a accoapl ishes  

%me, a comon aero can be produced a t  S = 0, and can 

' a t  S = 0 an  e spec ia l ly  des i r ab le  pur- 2 1  



EsaaLe  2-2. Develop a network having the  following 

parzizeters: 
- (S+1) W 3 )  S2+2S+2 . 

~ y22 - s i2  and = (S+l)(S+3) 

T&zlztion 0: the  Levalopent  and the network schepat ic  a r e  

given iz Figure 2-6. Note t h a t  B r  i s  used t o  i c d i c a t e  a 

br idge  tyTe rmoval .  A br idge  conductance i s  renoved f irst  

t o  p r o d u x  a zero  i n  y ' a t  S=O. The va lue  o f  t h e  removal 2 1  

i s  ca icu ia ted  zron Eqn. 2-21: go 3 - Y ~ ~ ( O ) / ~  = I. 

312 znd (S2+2S+2) - (S -2 )  = S +S, which show t h a t  restrictims 

yZ2(o) '= 
2 

(1) azd (2) above a r e  sa t i sEied .  Thus, the  renova1 can be 

performed. 

The r e r a h i n g  cetworl-: can be r ea l i zed  a s  a ladder  s ince  

the  zeros  05 T a r e  both r ea l .  The p a r t i c u l z r  r e a l i z a t i o n  

given ia l i g u r e  2-6 was a c c o q l i s h e d  by producing a cornon 

zero a t  S=G through removal of a shunt cocductance. A series 

capbei tor  I J S S  then used t o  e l imina te  t h i s  corzon zero. An- 

o tks r  skxx conductazcc rcnoval produced a comon zero a t  

S=-1. 

t he  flnal series rezovai. 

E1hnLnatio:i of t h i s  ccraoil zero was acconplished by 

The 3riZqc Cesaclrznce S.?r..ovaI. Acother bas i c  and use fu l  

re:.oval i s  the  br idze czpaci tsnce,  y = c,S. 

crpacitar.cc czn s o n z t k e s  be used t o  produce a zero  iil y ' a t  S = a. 

The v r lue  of the  recoval can b e  ca lcu la ted  by div id ing  Eqn. 2-19 by 

The br idge removal of a 

21 

77 4 an? cvalcaeixg the  resul: a t  S = a ;  t h i s  gives: 
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7 

Plgcre 2-6. 'i'n3ulz:ion of the dcvelopncnt and the rietwork 
schezatic for Exz..-pie 2-2. 
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-Yp 1(a) 
C @  - (2-22) a K  ' ' 

v k r e  it  is required that :  

(1) occ,.c_c, = - '221 where cm= c, i s  permissible  only .. s IS-' 
when a =@. 

(2) -y21' zwst hava a l l  nor.-cegativo polynoxial c o s f f i c i e n t s .  

21 XG:E t F c t  require-erits (1) and (2) cannot be not unless  yZ2 and y 

both hzve 2012s a t  i x f i n l t y .  

I f  t h e  pro?osel reinoval m e t s  t hese  r e s t r i c t i o n s ,  then i t  can 

be per formd w i t h  assurance t h a t  X'  w i l l  be a r e a l i z a b l e  RC 3 T.N. 

A com,on zero a t  S = a night  then be produced,and subsequently e l i m i -  

nated by 2 s e r i e s  reitoval. Again, however, common zeros are advan- 

t23eous ocly 17ten t h e i r  ca- icel la t ion leaves a polynosial  w i t h  all 

noc-negative c o e f f i c l c a t s  i n  t h e  nuxerator of -y ' 
21 - 

The s?eclzl, and perhaps most useful ,  purpose f o r  t h i s  type 

of rexoval i s  e l i a i n a t l o n  of t he  pole of -y a t  i n f i n i t y .  This  can 

ba in te rpre ted  as s h i f t i n g  a zero t o  i n f i n i t y  (i.c. a =a) t o  cancel  

rhc pole  there .  

21 

Furtherxore,  i f  y22' has a pole a t  i n f i n i t y ; i t  is  

then  a Tr lvz te  

removal ia t h e  

Ekm.? le 

po le  which can be eliminated by a shunt capaci tance 

next s t e p  of t t e  development. 

2-3 levclops other  networks f o r  t he  p a r a m t e r s  given 

t o  i l l u s t r a t e  use of t h e  bridge capac i tor  removal. 

p..* -....q - l e  2-3. Develop a network having t h e  samc parameters 

s j e c i f i e d  i n  EXaiple  2-2. . 

This  exctqle w i l l  be worked twice t o  i l l u s t r a t e  two d i f -  

f e r enc  a t t a c k s  t o  t h e  g a i n  rzduct ion problcm which arises i n  
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a ~ G V  pass  ladder. 

??.e f i rs t  so lu t ion  (Figure 2-7) r e a l i z e s  t h i s  ladder by 

pro&icing a p r ive t e  pole a t  i n f i n i t y  with a series (y-2) re- 

mavaf. 

r2;r.ovzl (y=4S). If the developxent were completed a t  t h i s  

pa%: v i t h  c s e r i e s  rcmovril, then (see l im  f o u r  o f  the  table) 

3 voaid equal  312.  Because of the br idge removal used ear l ier ,  

a i; exceadiag Lnity would r equ i r e  a negat ive capaci tor .  Thus, 

c5e ga in  reducciun procedure m u s t  be appl ied wi th  A = 312. 

ThFs pole  i s  t i e n  el iminated wi th  a shunt capacitance 
. 

I.:i=:l R chosen t o  be unl ty ,  which is the  maximum poss ib le  K, 

Eqx. 2-17 g ives  M =  113. 

is used t o  r e d u c e  the gain.  The f i n a l  rexoval  i s  then j u s t  

a ssries CGnduCtanCe. 

Eence, a shunt removal of y = 6==2 

Tke secocd so lu t ion  (r'igure 2-8) reduces the gain of the 

~~~~ p a s s  network a t  the o u t s t a r t  of i t s  development. This  i s  

602.2 hy providing a d.c. path t o  ground. This  method has the 

a d v a ~ t a g a  of provid g a load r e s i s t ance  a t  the output t e r -  



05 t h e  devcloprent and the aetwork . 
2-3, secocd realization, 
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of a a c t l y  ui-lty. 12, ie t k e  dzvalopaent of t he  remaining 

network, czre i s  taken ilot t o  have any d.c. paths  t o  ground 

(other  t k a  ga 2 t  :>2 ol i tpt t ) ,  than the  I.c. galn  w i l l  be: 

where t h e  parzxe ters  hare  s?ec i fy  the  network a f t e r  the  bridge 

r ezovr l  (sea l i n e  two of t h e  tab le) .  

f o r  go gives: 

Solving t h i s  equation 

go = ~ ~ ~ ( 0 )  [l - T(O)] . Let t ing  K be unity 

g2ves T(0) = 2/3; thus, go = 1/2. 

As expected, a f t e r  t h i s  shunt  rccoval ( l i ne  t h r e e  of tab le1  

the  zz.?.ximiii R f o r  t he  r e i a i n i n g  network i s  unity. 

za t ion  or' t2ii.s network 5s c a r r l z d  out  without any d.c. paths  

The reali- 

t o  grouzd. Consequently, thz rea l ized  K i s  unity. 

A?lTt5o~.aI Cc--.sr.ts About Eridce Xexvals.  The br idge  re- 

r.oval i s  noc only c s e 5 l  t o  s h i f t  c o q l e x  zeros t o  the r e a l  axis (or  

i n f i n l t y j  whei-e chey can then be r ea l i zed  by shunt-ser ies  removals. 

It can 3e apal ied  t o  nczwork fuzc t ions  which a r e  a l ready r ea l i zab le  

by i? lzc'der cy?c nctxcorlc. 

~ c t ~ o r k  ga in  thaz tk2t  which could be a t t a ined  wi th  a ladder  s t ruc-  

ture. 

pcraxe ters  specified i n  Eraiqle  2-1. 

usixg a 5riZg:e rexavzl ,  whereas the  u ? p r  bound on K f o r  t he  ladder 

s t r u c t u r e  i s  8/10. . . 

Exas7ls  2-4 .  

s p c i f i e d  ia 2<ar;..ple 2-.1. 

13 rz.~ay cases  t h i s  w i l l  permit a higher 

To i l l n s t r z t a  t h i s ,  E x c q l a  2-4 develops a network f o r  the 

A S of uni ty  is obtained by 

22 Develo? a zetwork wi th  the pnraneters  T and y 

Tabafct ion of tha deve lopmat  and the network schematic 
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I ! !4 

1 

r e  2-9. Tabalst ion of the develogze 
sche;:.stic f o r  Z:<ariple 2-4. 
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are given in FT3cre 2-9. The developrcent i s  very s t r a i g h t -  

foilizlrJ zzd aecds r.0 f u r t h c r  esplanzt ion.  

U2for- ~ ~ ~ . ~ S e l y ,  ..- c the  b r i l g e  rezovol  does not always s iGpl i fy  

t i o n  i n  the  s t rc ight fozcard  manner that i t  d id  i n  

2-2 acd 2-3. It is  easy t o  cons t ruc t  a problem where tEe t r a n s f e r  

f u x t l o n  has 8 p e i r  o f  com?lex zeros  y e t  a br idge removal does not 

s'I - 7  2 c,- t>-e --  ..~~\,cr;C --, r ec l i za t ion .  

nc r t  e x c q l e .  

Such E problem is given i n  the  &.I.P J. -L/ 

Ex.c313 2-5. Dcvelog a network having tke  following network 

h br i zg r  recoval  i n  t h i s  case  f a i l s  t o  improve the s e t  of 

?sra::etezs; t h t  is, f a i l s  to rake the  rciminlng network 

e a s i e r  t o  r r n l i z a .  

c i o s e r  t o  Zko o r i g i n  t k a  S=-1 (at or  f u r t h e r  f i o n  the  o r i g i n  

I f ,  however, the  pole of y21 w 2 r e  a t  o r  

' than S=-3), t5en a bridge capaci tance renoval (a Sridge con- 

ductacce rez,ovai) would s i c ? l i f y  the  r e a l i z a t i o n  problem. 

Since c series re3oval can be used t o  s h i f t  .the poles  of 

acd ter.ce the  poles  of yPl, t he  f i r s t  ap?roach t h a t  might 

- 

However, t he  series re- 

y22 

be t r i e d  i s  t o  shi;r't the  pole of y22 t o  a region where t h e  

br ieae  ro-=.ovel r i i l 1  be of s o ~ e  use. 

coval  peiT.ics s 3 i f t i n g  the  p o l e  oaly t o  va lues  between the  

two zeros  cf : J ~ ~ .  

t h i s  r ag io t .  

s'nu:.t rersvcl t o  s k i f t  t he  zeros  of y, 

It i s  des i red  t o  sh i r ' t  t he  po l s  ou ts lde  of 

Tke d i f f i c u l t y  can  be overcome by Z i r s t  usir.r, a 

22' , 
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63/40 

9/5 

107 1/40 .45 9 / 8 0  

9/20 

27/20 

27/40 

FigLre 2-10. Tabulatfon of the development and the network 
scki-matis for  Exacple 2-5. 
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.4 s k z t  rezoval is t t e r a f o r e  csed f irst  i n  the  developcent. 

The value I s  c s f c u l a t e l  t o  s h r f z  2 zero  t o  S=-3/4.  

s u l t i n g  network has a mxiizr .  K of only 7/10. 

w--a s 'nlf tsd t 3  a valde c l o s e r  :o -1, then a higher  ga in  

could be achieved. 

The re- 

If the  zero  

A series rcrnoval i s  than csed t o  sliifc t h e  pole of yZ2 t o  

S=-1. 

be e E e e t i v e l y  used. The coir;-,leix deveiopnonc is tabula ted  

Ki th  the pole  i n  this ?osi:ion, t he  br idge  renoval  can 

2% Figure 2110. 

2.3 The P a r a l l e l  Retwork Removal. 

I n  o r l a r  t o  p a r a t e e  general lcy cjf tl;c r e a l i z a t i o n  procedure 

azd t o  provide alternate so la t ions  for :be 'more d i f f i c u l t  t o  realize' 

network pzrmeters, a eourth type of r e z o v a l w i l l  be added t o  the  

r.etvsrlc < e v e l o p e n t  procedure - t he  parallel  network (8) removal. 

Spl i t tLnz  i i~e tx~ork  l n t o  two (or  r a re )  p a r a l l e l  networks i n  order  t o  

s i q l l f y  r c z l i z a t i o n  i s  by no czars  a L ~ W  idea.  

by Gui l len ln  ;16], Ozaki !,283, scd Z i a l k m  and Grrst [Sf, j u s t  t o  

It has been eaployed 
* 

. mine a few. 

The p a r a l l e l '  network renoval w i l l  be presented here  as an ex- 

t e n s i o n , ~ €  the  br idge removal. With a !ridge reixoval, only RC d r iv -  

ing  noi-i..; a h i t t c n c c s  czn be subt rac ted  from -y /I( I n  an  a t t c q t  t o  

s h i f t  the  conplcx zeros  of y to b z t t e r  pos i t ions .  I n  many cases  

it i s  r.ore des i r ab le  t o  sub t r ac t  func t ions  which are not  SC dr iv ing  

21 

21 
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poin t  a1zit:2:-ccs. Tar izxtacce, giver. t h e  

2-5, i.t wodld La comea lea t  i f  ?ZS /(S+2) ot 

t r ac t ad  f zcn  -yql. 

2 1 could be sub- 

The p a r a l l e l  network renova2 ?emits e i t h e r  type 

of subt rsc t ion .  

k qeilersl p a r z l l e l  network rcnovzl is sfiown i n  7 igu re  2-11. 

I t 
N' 

Figure 2-11. The p a r a l l e l  neaiork removal. 

The p z r c m t e r s  OE X w i l l  be c a l l e d  y2,A and TA. The pa- 

rarcecers of 3' c a  be ca lcu la ted  from: 

1% - ' Y2l.A' 

(2-23) Y22' = y22 -, '22A ' 
-Yzl' = -Y21 i- Y21* B (2 -24) 

and T' E -y21'/y22' . (2-25) 

Xoce t h a t  t he re  are ac tua l ly  two r e r a i n l a g  networks t o  be 

real ized:  S and X ' .  Each of these  w i l l  be  rea l ized  t o  wi th in  a con- 

stcir.t ini l f t fpl ier  X: This  ray r equ i r e  use of a gsiil reduct ion s t e p  

til the  Gcvelqxent  of oile (or  =ore i n  case seve ra l  R removals a r e  

used) of the  networks i n  order  to 

Therefore, it i s  suggested t h a t  each of these  networks b e  developed 

A 

a i n  t h e  s a x  S f o r  each network 



r ea l i za t ions .  

each nervork. 

each ~C:X.JO~!; develop3r . t  car, be cor.pleted i n  such a mznner t h a t  i ts 

R is  exaszly t k e  zibove value. 

At t h i s  Taint the  rac i zx rn  li is e a s i l y  Cetemined for 

T5e min5mm of these values  can then 3e ckosen, and 

. 

Tzb..:l~:i.o~ CP ? 3err.ovals. I n  tke developzent t ab le ,  when- 

ever a ? ~ r z l l c l  nctiJor!; i s  removed, t he  symbol 

i,n t he  'rype' of rez.ova1 coluim. I n  t h e  'X'  column a letter,  such 

should be entered 

as -4, should be enterej. to deslgnaze t h a t  t he  network S has been x 
removed fro- t h e  neryork being developed. Additional le t ters  shocld 

be used i3 tlie event t h z t  o:f-.er p z r a l l e l  netwo:ks aze rer.oved duricg 

ihe d 2 v e l o p x n t  0: X I  

At the  tine of 

be entered. i n  anocher 

(e.g. B, C,  D, etc.). 

t h e  rcxoval of MA, tile pzrams?=ers of NA should 

table  or s n f f i c i e n t i y  f a r  down i n  t h e  same 

table .  

placed i n  t h e  netirork designation ( S )  colGmn. 

Tkroughout the dcvelopneat of XA the  let ter 'A' s t o u l d  be 

If it i s  necessary t o  

rezove p a r a l l e l  r.ct~rorXs duricg t h e  d c v e l o p e n t  of N 

nations !A, AS, AC, e tc .  shoilld he used. 

t h e  dcsig- A' 
. 

Thus, a le t ter  o r  liitter group zp2ears i n  the  development 

t zb le  for  the f i r s t  tirse when it is  removed from t h e  aetwork which 

is belng  devc lopd  at t h t  t i s  i n  the table .  

t h i s  l e t t e r  o r  l e t z e r  group appears i n  t h e  t a b l e  i s  wben t h i s  par- 

The n a t  t ine t h a t  

r l c u i z r  network is  t o  be developed. It then cont inces  to  appear un- 

til t h e  deve1opr.e.n; of t h i s  p a r t i c u l a r  network is  c o q l e t e d .  Future 

2:iaqles i i i l f  kelp t o  c l a r i f y  use of t h e  '3' column. 

Only two s p e c i f l c  p a r a l l e l  network removals w i l l  be 
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ems ide red  i n  d e t a l l  - t h e  str ict  high pass ladEer and ' the  strict 

1057 pass leddar. I n  e i t h e r  case, spec i f i ca t ion  of y completely 

d e t e r a b e s  t%e c k r z c t e r i s t i c s  of the rerrioval. Thus, y22A w i l l  be. 

enttsred i z  t h e  y rcrxwal coluxn together with an II (high pass) o r  L 

(low pass).  

at a later tim: 

22A 

This  i z fo rca t ion  is a l l  t k t  i s  needed to develop N A - -  ___.__. - -  

The Righ Pass Ladder Sei?.oval. Cauer's w e l l  known continued 

f r a c t i o n  expinsion of an RC driving point admittance (e.g. y ) a- 

bout :he origi i l  gives a lzdder network with a l l  transmission zeros 

22 

(i.e. zeros of T) at t h e  o r i g i n  (see Figure 2-12). If such a net- 

Tro.-% is  coi?si&ered as a p r a l l e l  r e m v a l ,  EA, then: 

n- 1 
= ems-!- (2 -26) '2 2A 

(2-27) 1 n-1 

is1 i 

. .  - .  ar?d: 
= c- RS" n', . -y2 LA 

r h x e  g = 1 un:ess SGZS capac i t i ve  path t o  ground i s  permitted i n  

tke -c?evclcpz;cnt, i n  xhich czse KC1. High pass ladders w i l l  later 

be r e fe r r ed  t o  as first order,  secocd order,  etc.' Equations 2-26' 

ar;d 2-27 descr ibe an nth ordar high pass ladder. 

Figare 2-12. An nth order high pnss l;dder, KA. 



Zquatlon 2-23 sEows t h a t  y ’ is  ca lcu la ted  i n  t h e  same man- 22 

R ~ T  BS y22t for  a s:lur.t rezoval. Thus, y22A must s a t i s f y - t h e  re- 

s t z l c t l c n s  ~ l z c e b  q o x  y i n  tke  shunt renova1 discussion of Sect ion 

3.L. 

iovsil only when t h e  corresponding pole  o? -y21 i s  simultaneously re- 

novzd, 

PcrtZerrrare, go = 0; an2 a po le  OE ya2 caa be c o q l e t e l y  re- 

The c o e f f i c i s n t s  02 y22A i n  Eon. 2-26 a r e  otherwise a rb i -  

-.-- ~ ~ ~ r y .  They n ig5t  be se l ec t ed  t o  p r f o r a  some zero s h i f t i n g  as an 

extr2 f e a t u r e  of the p z r z l l e l  network reuioval. 

F?:x.:le 2-6. Dcvelop a necwork f o r  the p a r a m t e r s  given i n  

E>:a~?le 2-5. 

Figure 2-13 givas the t a b l e  an2 schematlc f o r  t h i s  de- 

v s l o p z a t .  .% seccild order higfi pass ladder,  X i s  removed 

‘;on X atr t h e  c c r s t a r t .  Tha pole a t  i n f i n i t y  i s  eliminated 

from both y22’ and y ’ The res idae  of y22A/S a t  S=-2 was 
2 1  * 

er>izrar iLy ckossn t o  be 1/4. 

- A’ 

Thus: 

- 1 s  S (S-?-9/4) - s i .  -- = 
Y22A 4 s s2  53-2 ’ 

whlc‘n is  the expression recorded i n  the  y column f o r  t h i s . r e -  

nova 1. 

The i c : g  ?ass Lsdckr Rc~ova l .  Cacer’s continued f r z c t i o n  ex- 

pczsion of ar, RC cirlving poiat  admittance (e.g. y ) about i n f i n i t y  

~ i v e s  a ladder  netvork with a l l  t ransxiss ion  zeros a t  i n f i n i t y  (see 

;7”cnra -a 2-14). 

22 

i f  scch a nctwor’x is considered as a p a r a l l e l  reimval, 

tkea: 

- + $ =  (2-25) 
1 ’fPi ’ Y22A - go 
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FI,-cre 2-13. TaSulz~ion 02 t h  development and t h e  network 
schzzatlc for Exaxple 2-6. 
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wF.ere K = 1 unless  sozc resistive ja th  t o  ground is permit 

As i n  t h e  X g h  pess czse, s a t i s f y  the shunt removal 

r e s t r f c t i o n s .  

r emvrd  only when t k2  corresponding .pole of -y21 i s  simultaneously 

rczoved; and, go can equal  y (0) only i f  a zero is simultaneously 

proluesd i3 y21’ arr S = 0. 22A 

p r a  ochezr i se  arbitrary. 

Farz te rzore ,  c w =  0; a pole  of y22 can be completely 

22 

Tke coe f f i c i en t s  of y i n  Eqn. 2-28 
. .  

2 w z ~ 1 c  2-7. Cevelo? a network having the paraneters  s p e c i -  

. Zied i n  i%az.?l?les 2-5 and 2-5.  

Figure 2-15 gives the  t a b l e  and schemtic for t h i s  r e a l i -  

A C i r s t  ordar ( ~ 1 )  h i?  pass ladder, NA, is removed z i t i o a .  

f r o m  X at ti.2 o u t s t a r t .  

g r i n  a r ’ s i t r a r i i y  chosen t o  be  114, 

a zero i n  y ’ at S=O. The re ra inder  of the  development 

ileeds RO ex-lnnatioa. 

The res idue  of y22AIs a t  S=-2 was a- 

g was chosen t o  produce 
0 

- .  2i 

--- 
i 

-;- c?l v 
- 
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Bridge Recoval (Br) 

&za%ing xetwork x': Y22' = Y22 - Y 
- Ky 

, -Y2I1 = -y21 , 
T' = -Y21'iY22 

(1) To prodilce a recl noa-positLve zero i n  y 

(2) To e l i n i n a t e  t h e  pole  of y 

' 
21 - lurpose: 

a t  i n f i n i t y .  21  

STecial  preczution: Zi ther  H n u s t  not exceed unity;  o r  i f  K > l ,  

thea i t  is  necessary t o  reduce t h e  ga in  t o  the ex- 
&$lit t h a t  no negat ive eli-zents appear i n  t he  net-  

work. 

D*-a ?le1 KetrJork ikmGV21 (a 
y22 '22 - '22A Xcmaining network X I :  

-Ypll = -y211 + y21A 
T' = -y21'/y22r 

Psrpose: (1) S a m  as f o r  br idge renoval. Tinis removal has 

r.ore f l e x i b i l i t y ,  but usuai ly  r equ i r e s  more ele- 

ment s . 
S?ec-lal precaut ion: ,  The K ' s  f o r  ezch network a u s t  b e  equal. 

'i'hs autkor  suggests using the  following p r i o r i t y  list when de-. 

c id ing  u;son what type of removal should be made (unless i t  i s  de- 

s i r e d  t o  have ii p a r t i c u l a r  network s t ructure) :  

(1) U s e  a series renoval whenever possi3le. Ser i e s  removals 

never czuse an i xnsd ia t e  reduct ioa of mximxn poss ib l e  gain. 

(2) U s e  a shunt renoval rrhenevcr possible, unless  an undesir- 

ab le  reduct ion of gain i s  caused by the shunt rerzoval. 

(3) Use a b r i d i e  reaoval  whenever s e r i e s  cnZ shunt renovals 

are i+oss ib l e  o r  undesirable,  assuning of course t h a t  t he  

. .  
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2 .e Scz.ary. and Exaiqles. 

TZls  section presents  a b r i e f  sumary  of t he  types of re- 

Simple exzqles have bcen given pre- aovals  a d  t h e i r  parposes. 

v locs ly  zo ill-;s:rate c e r t a i n  i t e m s  i n  the presenta t ion  of t h e  r e a l i -  

z.z;lsn procedure. Several additioxxil exanples a r e  given i n  this 

s'-'" L L L A ~ ~  t o  s h m  the ease with  whrch s l i g h t l y  mxe coxpliczted net- , 

wor!cs caa be developed. 

pur2ose: (1) To el i ininate  a p r i v a t e  pole. 

(3) To produce a cornon zero. 

(3) To ' sh i f t  t he  zeros  of y22. 

Se r i e s  ReEoval (se) -- 
Xemafzin;: nezwork N': l/Y22 I = 1/y2;! - l / y  

T1 e T 
-Yal' Y229  

Tur?ose: (I) fo e l i n i n a t e  a comon  zero. 

(2) To prodcce a, p r i v a t e  pole. 

(3) To s h i f t  t h e  poles  of y2, and y 21' 
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edcd t o  r e s l i z e  the  removal. 
. -.. u.uve t h e  ?.cxcst ordcr  l i d d e r  w5ich accoriplishcs s impl i f i ca t ion  

05 the  r e ra in ing  network. 

Esan32e 2-8. T5c first exacqle t o  be considered is given in 

The network i s  develo?ed e s se r , t i a l l y  by r e p e t i t i o n  of a igu re  2-16. 

t h ree  s tegs:  (1) r e i o v a l  of a bridge coaductance t o  produce a zero  

of transmission a t  t h e  or:gin; (2) rernoval of a shunt conductance t o  

T i d a c e  a cozxon zero  a t  the or ig in ;  s a d  (3) removal of a-series 

capaci tznce t o  eliniilate the  comon zero. 

- 

I n  t h i s  example it i s  not  . 

nc tua l ly  necessary t o  co rp le t e  t he  ca l cu la t ion  of y 

bridge renoval s ince  the  next removal i s  a shunt type. 

ca lcu la ted  a f c e r  t he  shunt renovsl by suming  the, bridge and shunt 

conductances, m d  then subt rac t ing  the t o t a l  from y This  saves' 

soze unnecessary ca lcu la t ions .  

ca lcu la ted ,  ' X i C '  will be entered i n  t h e  t a b l e  i n  p lace  of t he  ac tua l  

pofynonial (unless  the ca l cu la t ion  is very s i q l e ,  i n  which case  the  

polynoiaial w i l l  be ca lcu la ted) .  

' a f t e r  t he  
. 

22 

yZ2' can be 

22' 
Vhenever c polynomial need not be 

. The second exarp le  t o  be considered (see Figure 



y22 
4 3 2 S, +19.OOOS +122.00S +296.00S+192.00 
(S+2.0000)(5+5.0000)(~+7.0000) 

NXC 
3 2 

2 
2 

S +14 .OOOS +59.000S+70.000 

S(S3+16 .257S +83.600S+134.17) 

s3+14.000S +59.000S+70.000 
3 S +16.2S7S2+83. 6DOS+134.17 

S +11.538S+32.166 2 2.0908 

NNC 2.0908 
S +11.538S+32.166 

S S2+L2 .0863+35.473) 

S +11.538S+32.166 

S +12.086S+35.473 
S+6.2073 

2.0908 * ' 
2 

22 -428 

NNC 
S+6.2073 

S(S+6.37 12) 
22'428 S+6.2073 * 

22.428 

Sy+8.0000SJ+27 .0G0SL+38.000S+26.000 - K(SL+2.0000S+2 .OOO0) (SL+6 .OOOOS+13 
~(S+l.OOOO) (S+4.OOOG) (S+6.0000) ( 9 8  (S+2 . 0000) (S+5 . 0000) (S+7 . 0000) 

S (S+4.54 60) 
NNC 

S+4 5460 
S+6.3712 

K S (SCq.54 60) 
22 :4'28K S+6.2073 

I 
2 1 3 2 

3 2 NNC S +14.0005 +59.000S+70,000 I 

KS (S34-7. 6286s 3-2 I. 800fi16.086) KS(S +7.62863 +?l.SO~S+16.08b) 

3 2 

2 
S +7.6286S +21.800S+16.086 

S3+16.257S +83.600S+134.17 
K d 

I 

8 
S 3 +7.6286S2+21.800S+16.086 1 

2 2.0906K 
S +11.5385+32.166 

2 
S ( S  +7.12855+16.030) 

XNC 
2.0908K S ( S2+7. 1285S+16.0301 K 

S +lI.538S+32.166 
2 S +7.1285S+16.030 a K 2  S +1:!.086S+35.473 

2 S +7.1285S+16.030 
S+6.207?1 22.428K 

I 1 
I I 

871.69 (S+6.37 12) 1 871.69K (S+4.5460) 
I I 

K =  1 -I I 871.69 (St4.5460) 

Figure 2-16(8). Tabulation of the development for Example 2-8. 

. 
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(S+2.0000) (s+5,0000) (S+7 . 0000) 
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S-293 I304 
S+143/19 

I v 
K =  1 

60K 1 
23 S+63/23 
- I ___  

I V 

K =  1 

43 
I_ 

304 . 

7353 
304 
- 

6149 
1444 

95,095 
304 

__. 

-- 

Remova 1 

type I N 
c 

P A  
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Flgure 2-17 (3) .) Tnbulat lorr  of the davelopment. for 
&:ar;,?:e 2-9, first problem. 

- 5 8  - 



hl 
cl 
e3 

d. 
9 

- 5 9  - 



- 15 12 

p l i f i c a t i o n  by the 

pyo6.uccd by the  reisoval), acdcoEseqwntly one less element is 

require6 for the  overGll network. Figure 2-15 g the  o'evelopment 

f o r  t h i s  choice of y22. 

E-:amle 2-10, I n  the  previous exa iq les  i.C was q u i t e  easy t o  

develop naximum gain  networks s ince  the  maxiuium occurred at i n f i n i t e  

frequency. 

Consequently, it i s  q u i t e  d i f f i c u l t  to achieve a R near the upper 

boucd of unity.  For t he  developwilt given i n  Figure 2-19, a K of 

i n  tbis example, T has zeros  a t  both  S = a and S = 0. 

only 0.273 was achieved. . 

The mruririum r e a l i z a b l e  gz in  has been reduced twice during the  

The f i r s t  reinoval reduces i t  from uni ty  d e v e l o p c n t  of the  network. 

t o  9/10. 

poles  a t  -2.5, -5.5, and -9.5), then less ga in  reduct ion would have 

occurred during t h i s  rezovnl. However, the  r m i m u i i  K would be re- 

duced t o  S O T I  nuriber less thsn 19/20 no matter how c l o s e  the  poles  

If the  poles  of y22 had been chosen c lose r  t o  -a3 (e.g. 

of yZ2 are chosen t o  the  zeros. 

Th2 next shunt r m o v a l  (shunt capacitance) causes  another  re- 

duct ion  of r e a l i z a b l e  gain.  

t ab l e ) ,  S cancot exceed 711260. I f  t he  poles  of y22 had been shif ted 

c lose r  t o  the  o r i g i n  p r i o r  t o  t h i s  shunt removal, then a less ser iqus 

Af te r  ch i s  removal ,(see l i n e  four  of 

i s  neares t  t he  o r i g i n  



Xetwork P a r a x t e r s  I! Removal 

-_.- y22 -- 

(w-<s-:-ij) c S S l  0) 

(SS2) (SS.5) !S+3)  
-(S+&) (S i15/2)  

(s-!-L) (S+15/2) 

7 
S (S-+13 S+7 7 f 2-) 

(Si-ct) (S+15 /2) 

7 7  S +13S+77/2 
17 S+211/34 

2 - 

2858 -(S+1434/2 11) 55 

2868 
55 -(S+1) 

2 (S+2) 
S+4 

(S+2) 

2 

’7 S(Si1) 
!7 S+211/34 

I Y 

- 256s K(Si-1) 
55 

4 K  
54-4 
I_ 

2K 

T I! Y ltypel N 

.-. 

Figure  2-18(a).. Tabulation of the development for 
Exazple 2-9, second problem. 
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add i t iona l  elements would be required.  

Xo matter how much pole and zero s h i f t i n g  is  done in an  at- 

tempt t o  increase IC, t h e  basic  approach of r e a l i z i n g  t h e  transmission 

zeros a: S=O, S=co, and then the  cosplex transmission zeros w i l l  

ilever y i e ld  a K g r e a t e r  than o r  equal t o  1f2. 

th2 r e s u l t i n g  network is  bas i ca l ly  a cascade connection of t h r e e  net-  

works: one wi th  complex transmission zeros,  followed by the  networks 

From t h i s  approach 

wich t r s n s s i s s i o n  zeros a t  S=-, and S-0 respect ively.  

i cg  of each cascaded network by the following one were neg l ig ib l e ,  

If the . load-  

then the  th ree  networks would have t h e  t r a n s f e r  functions: 

respect ively.  The product of 10 2 - s fS+7 
(Sf3)(S+6) ’ s+10 ’ and - s+1 

i h e s s  icdica:es a K of 1f2. 

a c t l y  bcczuse the  loading is never coinpletely negl igible .  

I n  

Sowever, I< = 1f2 cannot be achieved ex- 

ozder t o  g e t  a l a r g e r  network gain i t  appears t h a t  a 

p a r a l l e l  network removal would have t o  be made (or perhaps a br idge 

renoval rrade e a r l i e r  i n  the developnent). 

cascade s t r u c t u r e  of t h e  network i n  Figure 2-19 would have t o  be 

avoided. 

rake i t  much easier t o  r e a l i z e  a higher K. 

I n  any event t he  bas i c  

Tke use of a surplus  f a c t o r  such as (Si-11) would probably 

‘ 

Exc:.D~~ 2-11. Realize the  t r a n s f e r  function: 

T z -  3K s2+* 
8 (S+l) (S-l-3) 

One approach t o  t h i s  problem night  be t o  choose an appropriate  

pole fo r  y 

would be found t h a t  a bridge rexoval could not be used. 

and then begin the  developsent. If t h i s  were done, i t  22 

Hence, e i t h e r  
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a low pass  or a high ?ass p a r a l l e l  ladder  would probably be the  

f irst  renioval. I n  e i t h e r  case t h e  f i n a l  r e s u l t  would be a seven 

e l m e n t  Twin - Tee type network. 

i!awever, i f  a surplus  f a c t o r  i s  introduced i n t o  T, then the 

p a r a l l e l  network type of reiaoval can  be avoided i a  the development. 

If tE;e surplus  facror  i s  c a r e f u l l y  chosen, then the number of ele- 

xents  reoa ins  t h e  same. Wlth a surp lus  factor  introduced, the net- 

work parameters are; 

- @-!-I) (S+3) (%!-a) 
y22 - (S-f-b) (S-ic) 

Since one pole of 

choose b=2. I f  a br5dge 

3X IS 2 +8)(S+2) 
T = -  

8 (Stl)(S+3)(S+a) ' 
3~ S3+aSL+SS+8a 

E -  ' and -'21 8 (Sib) (Sic) * 

must l i e  between S=-1 and S=-3, l e t  US 

capic i tance  removal i s  t o  be used first to 
y22 

e l i r i l nz t e  ttie pole  of -y21 a t  i n f i n i t y ,  then i t  would be advanta- 

geous to have -y21 ' even f u r t h e r  s implif ied during t h i s  removal (i.e. 

to have t h z  f i r s t  three  c o e f f i c i e n t s  drop out). Thus, it i s  des i red  

t o  hare S2-!-(b+c)Stbc equal S SaSS8. Equating c o e f f i c i e n t s  gives  cS4 2 

. and a=6. The cor.?lete network development i s  c a r r i e d  out i n  

-.. r l g u r e  2-20. 

Thc &ova procedure f o r  s e l e c t i n g  a surplus f a c t o r  can also 

be appl ied  successful ly  t o  the t z a n s f e r  funct ion given i n  Examples 

3-5, 2-6, and 2-7. 

obtained. The network s t r u c t u r e  would be the same as t h e  strl ;cture 

If t h i s  is  doiie,a s ix  element r e a l i z a t i o n  can be 

of t t e  network shown i n  Figure 2-20 except  t h a t  no shunt capac i tor  

woulc! be connccted t o  the output terminal.  



117/4 156/25 4 

- 67 - 



CHAPTER 3 

A COXPASISOX WITH OTHER XETHODS 

?his  chapter  presents  a l t e r n a t e  so lu t ions  t o  network r e a l i -  

za t ion  problexs (using the  method of Chapter 2) which have been 

solved previously a s  i l l u s t r a t i v e  e s a q l e s  of the  var ious methods to 

be discussed. The author  assuzed during the  development of the  net-  

works presented i n  t h i s  chapter  t h a t  naximum network gain and a low 

nurher of e l e m n t s  were ( i n  the  order  s ta ted)  t he  most important 

design c r i t e r i a .  Other c r i t e r i a  were ignored. For example, no at-  

tenipt wzs made t o  o3 ta in  a pa r t i cu la r  network s t ruc tu re .  In  a l l  of 

the  networks developed, the  maximum network ga in  was achieved. I n  

addi t ion ,  t1:e r e s u l t i n g  networks requi re  fewer elements than what 

was required by the e a r l i e r  solut ions.  
. .  

3.1 The Fialkoii-Gerst Wetworks. 

I f  T s a t i s f i e s  t h e  cocdi t ions given i n  Eqn. 1-19, Fialkow and 

Gerst [ g ]  have shown t h a t  T can be rea l ized  by an RC 3 T.N. Their  

r e a l l z a t i o n  procedure cons i s t s  of s p l i t t i n g  the  network i n t o  two 

. p a r a l l e l  networks each of which has a pecu l i a r i t y  t h a t  enables it t o  

be s i x p l i f i e d .  Then each of the  two remaining ne'tworks can be  
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t r ea t ed  as a new ?roblea  which is  less complex than the  or ig ina l .  

The r’ialkcr?-G2rst Gethod is c o i q l e t e l y  general .  

R, i s  esnc t ly  spcc l f led  bcforchand. Unfortunately, the method o f t e n  

cal ls  f o r  a n  escess ive  n m j e r  of elements. 

The ga in  constant,  

For e x a q l e ,  cons ider  t h e  network produced by Fialkow and 

Gerst i n  [9] f o r  the t r a n s f e r  function: 

2 s -S+9)(S+3 
= (:+l)(s+3)(s+i) (3-1) 

The i r  o r i g i n a l  solutioil  i s  given i n  Figure 3-1. 

necessa r i ly  l a rge  number o€ elements. 

It requi res  an  un- 

h t e r  i n  [lo] Fiallcow gzve a d i f f e r e n t  so lu t ion  wi th  fewer 

elements t o  a n  aliaost i d e n t i c a l  problem: 

Fialkow’s network is p ic tured  i n  Figure 3-2. 

The procedme of Chapter 2 was applied t o  t h e  set of pa- 

rameters given i n  Eqn. 3-2. The r e s u l t  i s  shown i n  Figure 3-3. The 

t r a n s f e r  func t ion  i n  Eqn. 3-1 could be r e a l i z e d  i n  t h e  same manner. 

The removzl c o c f f i c i c n t s  would be d i f f e r e n t ,  but t he  network struc- 

t u r e  t h e  sanc. The r e a l i z a t i o n  i n  Figure 3-3 requires four fewer 

elercents than the so lu t ion  given by Fialkow. 

The f i r s t  two s t e p s  i n  the  developmnt requi re  a spec ia l  ex- 

planation. 

e l i n i n a t e  t5e poles of y22 and y 

coe f f i c i en t  i s  chosen as t h e  res idue  of y 

redEction s t e p  will be necessary a f t c r  the f? removal. 

A secoild order  high pass ladder was removed f i r s t  t o  

a t  i n f i n i t y .  Regardless of what 21  

/S a t  S=-6, t he  sane gain 

Following 

22A 
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9. rigure 3-1. A Fialkow-Gerst network far the  t rans fer  
?unction g lven  i n  Equation 3-1. 

12.00 
3.000 2.000 

r 
1 1  I I  

4.000 

6.OGO 

13.92 

Figure 3-2. F i a l k o v ' s  network for the parameters g iven 
i n  Equation 3-2.  
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the  procedure ou t l i aed  i n  Bazqle 2-3 (second so lu t ion) ,  a shunt con- 

duc tmce  removal was chosen for t he  ga in . reduct ion  s tep .  The va lue  

of t h e  condcctacce W L S  ca lcu la ted  fron: 

gives  go = 314. 

go E ~ ~ ~ ( 0 )  (1-T(0)) , which 

Vi th  t h i s  va lue  i n  mind, and rexienbering t h a t  it i s  lnde- -- 
pecdent of t h e  above r.sntioned residue,  the res idue  was chosen so 

t h a t  a f t e r  t h e  f? re;..aval, the  shunt rezoval  would not  only perform 

the necessary ga in  reduct ion,  but would a l s o  s h i f t  a zero  of y2* t o  

S = -912 which produces a comto’il zero a t  s = -912. The va lue  of this 

res idue  was determined fro= . 

which gives  a = 9 / k .  

nade, an add i t iona l  element would have been required. 

I f  t h i s  spec ia l  choice of res idue  had not  been 

The reaainder  of the  development i s  j u s t  r e a l i z a t i o n  of a 

ladder  network i n  the  usual  manner. . 

3.2 Casciide Real izat ions.  

The cascade q p r o a c h  to the  RC 3 T.K. r e a l i z a t i o n  problem can 

a l s o  be  tholjg’nt of a s  zn extension of the  zero-shif t2ng procedure. 

If t he re  a r e  no coziplex t r ansa i s s ion  zeros ,  t he  usual  r e su l t  is  a 

ladder  network. 

p a i r  o f  coaplex zeros  (e.g. the  ‘bridged t ee ’  network) a r e  placed i n  

cascade or tandem wich the resa inder  of the  r ea l i za t ion .  

To r s a l i z e  coqi lcx  zeros ,  networks lii1olrn t o  have a 

Usually, 



only m i n i i n  phase t r ans fe r  funct ions (i.e. transmission zeros  a r e  

all i n  t h e  l e f t  half  plane) are considered. 

The following problem was solved i n  [ZS] using a cascade 

technique : 
.) 

I (3-3) 
(5+2) ( S S )  ISL-1-6S+18) 
(S?S) (S+9) (silo) (S-Ell) - T =  

The r e su l t i ng  network i s  given i n  F igare  3-4 .  

fewer elements, obtained by the  nethod of Chapter 2, is given in 

Figure 3-5 .  Since the  degree of t he  denominator of Eqn. 3-3 is  four ,  

Figure 3-5 gives a miniaua capac i tor  so lu t ion .  

A so lu t ion  wi th  f i v e  

The ne twxk i n  Figure 3-5 was developed i n  the sane manner 

as the network i n  kainple  2-8. 

i d e n t i c a l  even though Example 2-8 hac? tvo p a i r s  of complex t rans-  

mission zeros. 

Xote t h a t  the  network s t r u c t u r e s  are 

Eozh so lu t ions  t o  Eqn. 3-3 given hare  possess an  unusual 

spread i n  the order  of magnitudes of e lenent  values ,  

a t t r i b u t e d  t o  t5,e r e l a t i v z  closeness  of the fou r  poles of T t253. 

I n  order t o  o j t a i n  the order  of accuracy shown i n  Figure 3-5 ,  i t  was 

This  spread is  

. 

riecessnry t o  ca r ry  out t h e  ca l cu la t ions  to  a higher  degree of 

accurzcg than ~ h 2 t  i s  inciicstcd. 

3.3 The Successive Z-T Realizacions. 

An I n t e r e s t i q  mt'nod of r e a l i z a t i o n  has been given by Ozaki 

and T network re- [2S] and Lucal [23J. 

;;.ovals. 

It cons i s t s  of a l t e r n a t e  

This  proceduri? a l lows s p e c i f i c a t i o n  of a l l  t h ree  y 
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NNC 
S-t-9.5 962 1 8 . 8 1 6 7 ~ 1 0 - ~  S(S+G.G228) 

NNC c I 1 

I . . .  

Si-6.6228 I S+9.6341 
i S (S+9.G34 11 i 

S+9.5962 8 . 8 1 6 7 ~ 1 0 - ~  

2.2434 (S+9.6341) 

2.2434 (S+6.6228) 

Figure 3-5(a).  Tabulation of the 

2.2434K (S+6.6228) 

development for the transfer function giveti 

2.2434 (S+9.6341) 2.2434K (S+6.6228) 

K =  1 
. 4 2.2434 (S+6.6228) 

Figure 3-5(a).  Tabulation of the development for the transfer function giveti in Equation 3-3. 

K =  

i n  Equat ion 3-3. 
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developncnt for the t rans fer  function given i n  Equation 3-3. 
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a t i o s  of the  ne 

S 

Y11a it 

works, Hawever, 3 y  neglect ing y and using the y22 and y given 

by Lucal 1231 i n  his f i r s t  eicazple, the  exact network given by Lucal 

was a r r ived  a t  using tbe zethod of Chapter 2. 

deve lopenr  a d  the  zetwork schenat ic  a r e  shown i n  Figure 3-7 .  

[ 2 3 ] ,  Lucal also gives  a second network f o r  the sans paraneters ,  but 

it  requi res  two add i t iona l  elements. ‘ 

11 21 

The d e c a i l s  of the  

In 

Another &xscixple given by Lucal has the  parameters: 

36S4-:-5 33S3+15?2S’+1183 7 S+3 6 (S 2 -I-l)(S 2 t-si-1 
(3-4) y22 = 36 (S-k?) ( S - 2 )  (S-i-3) 

Lucal t a s  drveiopad 0.70 networks f o r  these  p a r a m t e r s  (y 

spec i f ied) .  

was a l s o  11 
The networks a r e  shown i n  Figure 3-8, 

The nethod of Chapter 2 gives a network with f i v e  fewer ele- 

ments f o r  the  paraxe ters  i n  Eqn. 3-4; however, the r e s u l t i n g  y is 

d ie fe ren t  than rhe y spec i f i ed  by Lucal. The network development 

and s c h e m t i c  arc given i n  Figure 3-9. 

11 

11 



I 
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42.9 11.3 

16.8 I~ ,.r:::: 3.40 

0.324 

Figure 3-8.  Realizations of the arameters specified i n  
Equation 3-4 given by Lucal [23j. 
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a (5+1/0) 
5 

1 
5 
- 

KS(S3+1.000SZ+l.8333S+0. 16667) 
(S+l.OOO) ( 3 2  .OOO) (S+3.000) 

30. 00S4+4 97 . 0S3+1 3 66 SL+937 OS 
36.00 (S+l .OOO) (3-2 .OOO) (S+3 .OOO) 

K 
3 

I v 

2 S3+l.0000S~ +1.8333S+O. 16667 

S +3.66 1 6S+2 .7 6 14 
2 

2 

1.2996K 2 
S3+13. 806s +38.500S+26.028 1.2996 

S +3.66  163-2 .7 6 14 
S S +O. 93965S+l. 6 1231 1.2996 NNC ( 1.2996K 

S2+3 66lhSt-2.7614 S +3.661GS+2.7614 
2 S S +4.3801S+3.9880) 
S -I-3.66 1 o 5+2.76 14 

1.2996 
,. .l 

SL+6. 380 15+3.9880 4' 2254 s+2 .w39 
S'+O. 93965S+1.6123 I 4.2254K S+2.0439 

I 
1 

S S+0.15080) 
4-2254K *i39 

NNC 
%I-2.0439 

S(S+2.4289 

4-2254  

b 4.2254 . S+2.0439' . 

26.657K (S+O. 15080) ?6.657 (S+2.4289) I 
26.657 (S+0.15080) 

I 

sL+0.93965S+1.6123 

S +4.3801S+3.9680, 
- K  2 

KS(S+O.lSOSO~ 
NNC 

S+O .15O8O 
S+2.4289 

6 
K 5  1 

K 1  
6 S+1/6 
- -  

1 ,  
I C =  1 

Figure 3 - 9 ( n ) .  Tabulatiolt of the developmetit for the parameters give11 i n  Equntioii  3 - 4 .  
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0 

26.657K (Si-0. 15080) 
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lovelopment for the parameters give11 i n  Equation 3-4 .  
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This t h e s i s  has presented an  effective RC three-terminal net- 

work r e a l i z a t i o n  procedure. 

one or ~ 1 1  of t he  paraneters  y 22, y21, and T are spiicified. 

r e a l i z a t i o n  procedure i s  not a co:?letely general  method of RC 3 T.N. 

t r a n s f e r  f i l x t i o i l  synthesis  s i n c e  th2 r e a l i z a t i o n  i s  conpleted only 

t o  wi th in  a constant G u l t i 2 l i e r  K, a f a c t o r  present  i n  both 3: and 

T:?e procedure can be applied whenever 

The 

Bowever, con t ro l  of t ha  network i< is u s u k l y  not too d i f f i c u l t  

I f  too low 

Y2l. 

becazse of t h e  systematic t zbu la t ion  of the development. 

a K i s  nchieved, i t  i s  an easy izat ter  t o  f ind  the k t ep  or s t e p s  

which c a s e d  t h e  degeneration of t h e  network gain.  

developxieat can then be raze. 

An a l t e r n a t e  

Tie p’ocedurk gives  the dcs igac r  much con t ro l  over cer ta in  

f c a t u r e s  of the f inished p r o d x t .  

thc r.ctwork gc la ,  but  krc c:~:rcfccs  c o n t r o l  ovcr i t e m  such ns t hc  

Sot  only can t h e  designer regulate  

network s t r u c t u r e  and t h e  nuxber of  elexents .  The procedure gives  

the dzsigncr  a n  unusual a m u n t  of i n s i g h t  i n t o  how he can add ele- 

c e n t s  t o  obtain a higker gain,  o r  chznge t h e  network s t r u c t u r e  to 

save elements, ctc. 

Chapter 3 has indicated t h a t  t h s  nethod ccir produce so lu t ions  

which are cozpe t i t i ve  wi th  networks o3taincd by sone other.  methods - 
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espec ia l ly  i Z  a low nur3er of elements is  dcsired.  The author 

bel isves  t h a t  t h i s  jus:ifies i nves t iga t ion  i n t o  the  following areas: 

(1) Developnent of a computer p r o g r m  which would produce a 

v c r i e t y  of networks f o r  a given set of parameters. For a high order  

r e a l i z s t i o n  problez, tke c i r c u i t  designer  would then be given 

nurr.erous a l t e r n a t e  networks f r o 3  which t o  choose. The program should 

a l s o  have the  E l a i b i l i t y  t o  let  t h e  designer  specify c e r t a i n  network 

configuyatiocs,  the r e s u l t  being a network o r  networks wi th  such a 

configurat ion whenever possible.  

(2) Bzens ion  of the procedure t o  p e r n i t  s p e c i f i c a t i o n  of 

load and source almittances.  Certain load admittances can e a s i l y  b e -  

desigced i n t o  the  cctwork. :lowever, because of t h e  bridge and 

p a r a l l e l  network rernovals, spec i f i ca t ion  of a series source admit- 

t ance  appears t o  be a d i f f i c u l t  problem. 

(3) Extension of the method t o  provide a r e a l i z a t i o n  pro- 

cedme  f o r  t iansr 'er  functions with complex poles.  That i s ,  develop- 

mect of a sir.ilar RTLC three-terminal r e a l i z a t i o n  procedure. 
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LIST OF SWBOLS 

Er . . . . . . .  .Bridge removal. 

. . . . . . . .  . P a r a l l e l  network removal. 
.. 

. .  Se . . . . . . . .  .Ser ies  removal. 

Sh . . . . . . .  .Shunt removal. 

K . . . . . . .  .Network g a i n  constant.  

CT . . . . . . .  
S . . . . . . .  .Complex var iable .  

T . . . . . . .  .Forward v o l t a g e  t r m s f e r  function.  

.Real part of S. 

yij . . . . . . .  Conventional short  c i r c u i t  admittance 

3 T.N. . . . . .  .Three-terminal network. 

parameters. 
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APPENDIX 

The r u l e s  f o r  s h i f t i n g  zeros and poles  of yZ2 using the shunt The r u l e s  f o r  s h i f t i n g  zeros and poles  of yZ2 using the shunt 

and series t y p  of renova1 a re  e a s i l y  v e r i f i e d  by appl ica t ion  of the  

well-known root  locus technique. I n  t h i s  appendix the f i r s t  r u l e  

f o r  shur.t removals w i l l  be derived. 

s imi l a r  arguzents, 

The other  r u l e s  follow by using 

The ques t ioa  t o  be answered is: "How a re  the zeros  of y 22 

r e l a t ed  t o  the zeros  of yZ2 whenever p a r t  of a pole of y22 i s  re- 

noved v i a  a shunt type removal?" 

S = -b. 

Assume t h a t  the  pole  i s  located a t  

Tken y,,,' .a 

where: a <s S+b y22 I - 
S=-b 

The inpedance 1/y22' i s  an RG drlvir,g poin t  impedance. 

i t s  poles  and zeros  a l t e r n a t e  along the negat ive real ax is .  

is located a t  o r  neares t  t o  the or ig in .  

1/y22' can be plo t ted  i n  the S plaae. 

a s  the one shom i n  Figure A(1). 

Consequently, 

A pole  

The poles and zeros  of 

The r e s u l t  w i l l  be a p l o t  such 

L e t  us now est imate  where the zeros of yZ2 are located wi th  

respec t  t o  the zeros of y 2 2 1 .  

the  'two admittances gives: 

Rewriting the  equation which relates 
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 he zeros of y2, can be deternined i f  the zeros 05: - 

lf a = 0, thea the  zeros  of y 

A s  a i n c r e a c s  from zero, the  zeros of y22 can be r 3 z k t e d  by ex- 

a d a i n g  the  root locus of S/(S+b)Y22'. This loctis be determined 

by observing the  pole-zero configuration i n  Figure .J-(2]. 

are iden t i ca l  t o  z?a mros of y22'. 22 

Y3owledge 

of t h i s  locus permits e s t i n a t i o n  of the  zeros of jr,, as shown in 

X g u r e  A(3).  
LL 

It can be concluded t h a t  each zero of y22 1s fur ther  from 

T m s ,  p a r t i a l  po in t  S = -b thaa the corresponding zero  of y 22 * . 
the  

rc - 
novzl of the pole  of y22 a t  S = -b produces zeros in yZ2* which a r e  

c lose r  than the  zeros of y22 t o  the Taint S = -b. This es t ab l i shes  

r u l e  (1)' given. i n  the shunt removal discussion of Section 2.1. 
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I,, { zeros = o 
poles = x 

n v A 77 n 

-b 

2 2 =  cl zeros of y 

X's and 9 ' s  are sane as in (2) 

Figure 1.. (1) Pole-zero plot of 1 / y 2 2 ' .  (2) Pole-zero plot . 
02 s / ( S + k ~ ) y ~ ~  I .  . ( 3 )  Zeros o f  yZ2 estimated from (2): 
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